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ABSTRACT 

Cyclic loading response o f Fraser River sand was investigated using the U B C direct 

simple shear (DSS) device as input to numerical simulation o f centrifuge physical models. A 

simple air-pluviation method was developed to reconstitute laboratory sand samples 

replicating the soil fabric anticipated in centrifuge specimens. Constant-volume (undrained) 

tests were conducted with and without initial static shear stress condition at loose and dense 

density states. While the observed trends in mechanical response were similar, the loose air-

pluviated samples were more susceptible to liquefaction under cyclic loading than their 

water-pluviated counterparts. The differences arising from the two sample re-constitution 

methods can be attributed to the differences in particle structure, clearly highlighting the 

importance of fabric effects in the assessment of the mechanical response of sands. 

Densification due to increasing confining stress (stress densification) significantly increased 

the cyclic resistance of loose air-pluviated sand with strong implications in relation to the 

interpretation of observations from centrifuge testing. This effect, however, was not 

prominent in the case of water-pluviated or dense samples. The initial static shear stresses 

reduce the cyclic shear resistance of loose air-pluviated sand in simple shear loading, in 

contrast to the increase in resistance reported based on data from triaxial testing. Dense 

sands indicated a increase in cyclic resistance in the presence of initial static shear stress. 

Previous cyclic loadings generating high excess pore water pressures (or significant 

shear strains) reduced the liquefaction resistance of sand against future cyclic loading, while 
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cyclic loading generating small excess pore water pressures (or small shear strains) increased 

the liquefaction resistance of sand. However, densification due to post-cyclic consolidation, 

sometimes, contributed to increasing the liquefaction resistance by compensating for the 

weakening in the liquefaction resistance due to the large pre-shearing. 

The volumetric strains accumulated during drained cyclic loading were independent of 

the time rate of shear strain, and they increased with increasing shear strain amplitude and the 

number of cycles. The proportionality of shear-induced volumetric strain to the cyclic shear-

strain amplitude, based on drained cyclic shear tests with small shear strain amplitudes, was 

not observable when the material is subjected to relatively large amplitudes of cyclic strain. 

A three-parameter shear-volume coupling model was developed for cyclic loadings 

associated with large strains. 
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D E D I C A T E D 

T O M Y PARENTS 



C H A P T E R 1 

INTRODUCTION 

Earthquake-induced ground displacements are one of the primary hazards to 

structures located in seismically active areas with liquefiable soils such as those in the Fraser 

River Delta of British Columbia, Canada. The prediction of ground displacements using 

numerical models forms a critical part in seismic evaluation, design, and retrofit of structures 

founded on these soils. Ideally, the acceptability of numerical models requires proper 

validation using recorded data from field case histories. The needed field data (i.e. soil and 

groundwater conditions, input ground motions, displacements etc.), however, are often not 

available with sufficient accuracy and detail, and this, in turn, has hindered the confirmation 

of numerical models. 

It is well known that the behaviour of soils is stress level dependent. Therefore, the 

use of small-scale models under natural gravity (lg) conditions, which causes stress levels 

that are significantly smaller than those encountered in the field, is not considered suitable to 

generate data for verification of numerical models. Centrifuge systems can be used to invoke 

a high gravitational field on small-scale soil models, thus overcoming the above stress level 

deficiency in lg models, and providing an opportunity for more realistic imposition of field 

stress conditions. Extensive research over the past twenty five years has demonstrated the 
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Chapter 1 - Introduction 2 

potential of centrifuge testing in examination of the response of well-defined geotechnical 

boundary value problems (Arulanandan and Scott, 1993; Boulanger et al., 1999; Phillips et 

al., 2002), and the approach has been increasingly considered as a meaningful basis for 

generating data for validation of numerical models. 

Efforts to validate numerical models predicting earthquake response of geotechnical 

problems have been undertaken by many researchers (Finn et al., 1986; Beaty and Byrne, 

1998). For example, the current research program at the University of British Columbia 

(UBC), Vancouver, Canada, is aimed at validating a fully-coupled effective stress approach 

called UBCSAND (Byrne et al., 2004) using data generated from centrifuge tests conducted 

at C-CORE (Centre for Cold Oceans Resources Engineering) research facility at the 

Memorial University of Newfoundland, St. John's, Canada. The centrifuge models used in 

the program are constructed using dredged Fraser River sand, and the generated data from 

centrifuge testing provide the basis for verification of the above numerical approaches as well 

as the modelling of some typical problems faced by the profession in relation to geotechnical 

earthquake engineering works in liquefiable loose deltaic sand deposits. 

In the modelling of a given problem, the numerical procedure should accurately 

capture the mechanical response of the soils. Fundamental understanding of this mechanical 

response can only be derived from controlled laboratory element testing of representative 

samples. In this regard, for laboratory element testing to be meaningful, the samples should 

essentially replicate the soil conditions existent in the subject centrifuge model. Since the 

mechanical response of soils is well known to be dependent on its particle fabric/structure 

(Oda, 1972; Ladd, 1974; Mulilis et al., 1977; Vaid et al., 1999; Leroueil and Hight, 2003), in 

addition to other influencing factors such as soil type, void ratio, and confining stress, it is 
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critical that the anticipated particle fabric in the centrifuge specimen is also closely replicated 

in the samples used for laboratory element testing. 

In centrifuge testing of sand models, the physical model is commonly prepared by 

placing dry sand using the method of air-pluviation. For example, in the Geotechnical 

Centrifuge Center at Rensselaer Polytechnic Institute (RPI), centrifuge samples are prepared 

by pouring the sand from a predetermined height using a funnel with essentially the same 

width as the centrifuge box (Taboada and Dobry, 1993), and the centrifuge facility at the 

University of California, Davis (Boulanger et al., 1999) also uses the method of air-

pluviation. The specimens of Fraser River sand test specimens at the C-CORE centrifuge 

facility, supporting the current research on the verification of numerical models by UBC, will 

also be prepared using air-pluviated sand (Phillips, 2003). Any required dense zones in the 

physical model are achieved by tamping after the process of air-pluviation. 

While databases are available for element tests conducted on water-pluviated and 

moist-tamped sands with regard to liquefaction (Vaid and Chern, 1983, 1985; Ishihara, 1993; 

Vaid and Sivathayalan, 2000; Kammerer et al., 2002; Robertson et al., 2000; Polito and 

Martin, 2001), laboratory testing that has been undertaken to understand the mechanical 

response of air-pluviated sands is scarce. Finn and Vaid (1977) and Vaid and Finn (1979) 

reports a series of cyclic simple shear tests conducted on dry medium Ottawa sand ASTM 

designation C-109 using a modified Cambridge-type simple shear device. Most of their 

detailed work, particularly in the investigation of the effect of initial static shear, focused on 

relative densities above 50%. DeGregorio (1990) and Vaid and Sivathayalan (2000) also 

report tests conducted on loose air-pluviated sands, and they have compared the results with 

those from counterpart sand specimens prepared using water-pluviation. Although the 

investigations have been mainly limited to undrained monotonic loading conditions, they 
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reveal that air-pluviated sands behave in a significantly more contractive manner in 

comparison to their water-pluviated counterparts, again, highlighting the potential sensitivity 

of the soil response to particle structure. In spite of this work, the current published 

information on laboratory tests on air-pluviated sands does not provide an adequate reliable 

database for validating the numerical modelling of centrifuge test specimens prepared using 

air-pluviation. 

As per above considerations, there is a need to obtain data from controlled element 

tests on samples that closely mimic the soil fabric and stress conditions of the centrifuge 

specimens for the validation of numerical approaches using centrifuge tests. In recognition 

of this, a detailed laboratory element testing research program was undertaken focusing on 

the cyclic shear response of air-pluviated Fraser River sand. In particular, the following 

aspects of the mechanical response of sand were addressed: 

• • Cyclic undrained response of sand without initial static shear stress bias (loose and dense 

conditions); 

• The effect of stress densification on the cyclic shear resistance of sand (loose and dense 

conditions); 

• The effect of initial static shear stress on the cyclic undrained response of sand (loose and 

dense conditions); 

• Effect of cyclic pre-shearing on the cyclic undrained response of loose sand; 

• The cyclic drained response of sand (loose and dense conditions); and 

• The effect of imparted vibrations during sample preparation in the undrained response of 

sand (limited tests). 
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The NGI-type (Bjerrum and Landva, 1966) cyclic direct simple shear test (DSS) 

device at UBC, which is considered to be more effective in simulating seismic loading than 

the triaxial device, was used to carry out the testing. Unlike laboratory studies conducted on 

samples prepared using now well-established methods of water-pluviation, it was recognized 

that the re-constitution of soil specimens to mimic the particle fabric in the centrifuge 

physical soil models is non-routine. Since this is an important prerequisite as well as an 

integral component of this study, great importance was given to the development of 

pluviation techniques for sample re-constitution and associated verification of sample quality. 



C H A P T E R 2 

L I T E R A T U R E REVIEW 

2.1 GENERAL 

Cyclic loading response of sand is a subject that has been extensively studied by many 

researchers over the past thirty years. Primarily due to the difficulties in obtaining "undisturbed" 

samples, most of the work has been carried out on reconstituted sand samples that are prepared 

using techniques of pluviation and moist tamping. In particular, the method of water pluviation is 

commonly selected to prepare sand samples since the soil fabric in such samples is considered to 

mimic the deposition conditions in natural alluvial deposits. Because of this increase focus, there 

is a relatively large database available from laboratory element tests on water-pluviated samples, 

for example, in comparison to data from samples prepared using air-pluviation technique. 

As indicated in Chapter 1, centrifuge testing plays a critical role in the verification of 

numerical procedures. Most centrifuge models are prepared using air-pluviated sand, and the soil 

behaviour is known to be affected by the particle fabric. As such, there is a strong need to obtain 

data from element tests on specimens that have been prepared using air-pluviation for calibration 

of constitutive models used in numerical procedures. 

This chapter presents a review of literature primarily with regard to the undrained cyclic 

shear response of sand. An overview of the role of centrifuge and laboratory element testing to 

6 
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validate numerical models is presented as background material. The method of sample 

preparation in centrifuge testing is also reviewed in order to assess the requirements for 

laboratory element testing. 

2.2 R O L E O F C E N T R I F U G E AND L A B O R A T O R Y E L E M E N T TESTING IN T H E 

V A L I D A T I O N O F N U M E R I C A L P R O C E D U R E S 

2.2.1 Centrifuge Testing 

Ideally, the acceptability of numerical models requires proper validation using recorded 

data from field case histories. For example, Zienkiewicz et al. (1991), Beaty and Byrne (1999), 

and Beaty (2001) have validated their numerical procedures against field case histories. The 

needed field data, however, are often not available with sufficient accuracy and detail; this, in 

turn, has hindered the confirmation of numerical models. 

It is well known that the behaviour of soils is stress level dependent. Therefore, the use of 

small-scale models under natural gravity (lg) conditions, which causes stress levels that are 

significantly smaller than those encountered in the field, is not considered suitable to generate 

data for verification of numerical models. Centrifuge systems can be used to invoke a high 

gravitational field (Ng) on small-scale soil models, thus overcoming the above stress level 

deficiency in lg models, and providing an opportunity for more realistic imposition of field stress 

conditions (see Figure 2.1). In addition to the gravitational field, several other physical 

parameters are subject to scaling effects in centrifuge physical modeling as given in Table 2.1. 

Extensive research over the past twenty five years has demonstrated the potential of centrifuge 

testing in the examination of the response of well-defined geotechnical boundary value problems 

(Arulananthan and Scott, 1993; Boulanger et al., 1999; Phillips et al., 2002), and the approach has 
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angular rotation (0 

Figure 2.1 Schematic of Centrifuge Set-up (after Schofield and Steedman, 1988). 

Table 2.1 Scaling Relations for Centrifuge Tests. 

Parameter Full Scale Model at Ng's 

Linear Dimension 1 1/N 

Area 1 1/N2 

Volume 1 1/N3 

Stress 1 1 

Strain 1 1 

Force 1 1/N2 

Acceleration 1 N 

Velocity 1 1 

Time-In Dynamic Terms 1 1/N 

Time-In Diffusion Cases 1 1/N2 

Frequency in Dynamic Problems 1 N 
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been increasingly considered as a meaningful basis for generating data for validation of 

numerical models. Several research programs that have been undertaken for the validation of 

numerical procedures using centrifuge model tests are tabulated in Table 2.2. 

2.2.1.1 Specimen Preparation for Centrifuge Testing 

In centrifuge testing of sand models, the physical model is commonly prepared by placing 

dry sand using the method of air-pluviation. In this method, soil is rained through air and the 

required density is achieved by controlling the pouring rate and/or fall height. For example, in 

the Geotechnical Centrifuge Centre at Rensselaer Polytechnic Institute (RPI), centrifuge samples 

are prepared by pouring the sand from a predetermined height using a funnel with essentially the 

same width as the centrifuge box (Taboada and Dobry, 1993), and the centrifuge facility at the 

University of California, Davis (Boulanger et al., 1999) also uses the method of air-pluviation. 

The specimens of Fraser River sand test at the C-CORE centrifuge facility, supporting the current 

UBC research on the verification of numerical models, will also be prepared using air-pluviated 

sand (Phillips, 2003). In some cases, when dense zones within test specimens are required, they 

are prepared by tamping after air-pluviation. It is understood that such tamping will be used for 

preparing dense specimens of Fraser River sand test at the C-CORE centrifuge facility. 

2.2.2 Laboratory Element Testing Considerations 

Accurate capturing of element soil behaviour in the constitutive model plays an important 

role in the numerical verification process, and laboratory element testing is the key to 

understanding this element behaviour. The relative roles of laboratory element and centrifuge 

testing in the verification of numerical models can be schematically illustrated as in Figure 2.2. 
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Table 2.2 Historical events of validation of numerical procedures using centrifuge model tests 

(Modified after Arulanandan, 1993). 

Investigators Description 

Arulanandan, Anandarajah, and Abghari. 1982 Verification of numerical procedure 
(GADFLEA, 1976) using centrifuge model 
studies conducted at UCD using a 
piezoelectric shaker and a stacked ring 
apparatus. 

Steedman, Finn, and Leadbetter. 1984 Verification of numerical procedure -TARA -
using centrifuge model studies of a nuclear 
reactor container vessel conducted at 
Cambridge University using the Bumpy Road 
shaker. 

Zienkiewicz, Shiomi, and Venter. 1987 Verification of numerical procedure - DIANA 
- using centrifuge model studies conducted at 
Cambridge University on the Bumpy Road 
shaker. 

Habbibian and Finn. 1987 Verification of numerical procedure -TARA -
using centrifuge model studies of Bolivar 
coastal dyke conducted at Cambridge 
University using the bumpy Road shaker. 

Arulanandan and Muraleetharan. 1988 Verification of numerical procedure - ELMAI 
- using centrifuge model studies conducted at 
Cambridge University by Whitman and Lambe 
using the Bumpy Road shaker. 

Hushmand, Crouse, Martin, and Scott. 1988 Verification of numerical procedure - DESRA 
- using centrifuge model studies conducted at 
Caltech using hydraulic actuator developed at 
Caltech. 

VELACS Project. 1993 Verification of numerical procedures using 
centrifuge model studies conducted at 
Rensselaer Polytechnic Institute (RPI), 
University of California, Davis, University of 
Colorado, California Institute of Technology 
and Cambridge University. 

Byrne, Park, and Beaty. 2003 Verification of numerical procedure -
UBCSAND - using centrifuge model studies 
conducted at Rensselaer Polytechnic Institute 
(RPI). 
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NUMERICAL 
MODELING 

Calibration of 
constitutive 

model < • 
LABORATORY 

ELEMENT TESTING 

Validation 

CENTRIFUGE 
MODELING 

Comparable soil 
fabric and stress 
conditions 

Figure 2.2 Schematic diagram showing the main components in the validation of numerical 

procedures using centrifuge physical model test data. 
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In addition to parameters such as density and confining pressures, the fabric of soil 

specimen and the paths simulated during testing are critical considerations in element testing of 

soils. The following subsections present a brief summary of the current knowledge on these 

aspects. 

2.2.2.1 Effect of Soil Fabric 

The term fabric is used to explain the difference in the particle arrangement/orientation in 

a soil skeleton. As indicated earlier, sand samples can be reconstituted using many different 

methods (e.g. water-pluviation, air-pluviation, moist tamping, dry tamping, and vibration). It has 

been shown that differences in the method of sample preparation would lead to different soil 

particle structures and, therefore, different stress strain responses (e.g. Oda, 1972; Ladd, 1974, 

1977; Mulilis et al., 1977; Oda et al., 1978; DeGregoria, 1990; Vaid et al., 1999). In particular, 

Ladd (1974, 1977) and Mulilis et al. (1977) have observed that the method of sample preparation 

will significantly increase or decrease the liquefaction resistance of sand. Tests conducted by 

Mulilis et al. (1977) have also indicated that the resistance of sand to liquefaction increases with 

the level of imparted vibrations. Oda et al. (1978) and Vaid et al. (1999) have shown that water 

pluviated samples very closely mimic the anticipated fabric of water deposited soils. 

2.2.2.2 Simulation of Field/Centrifuge Stress Paths 

The need for data from laboratory element tests simulating field stress paths (in this case 

stress paths in centrifuge specimen) has been well accepted since the introduction of Stress Path 

Method by Lambe (1967). Cyclic triaxial and direct simple shear (DSS) apparatus are widely 

used to study the cyclic response of sands. Figure 2.3 illustrates typical filed stress conditions 

under earthquake loading. Figure 2.4 and Table 2.3 present some basic differences in testing 
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Slope 
Dam 

Foundation 

Field/Physical Model cases showing different stress conditions 

cr'v = Initial Vertical Effective stress a' v 

a' h = Initial 
Horizontal 
Effective Stress 

t 

tcyc •< ^ T, 

^. xst = Initial Static 
Shear Stress 

h 

Initial Stress Conditions 

eye ŝt - ĉyc < > t s t + T( eye 

t t 

{T c y c = Cyclic Shear Stress} 

Stress Conditions during Earthquake Loading 

Figure 2.3 Field/Physical Model cases and stress conditions (1) without initial static 
shear stress (level-ground) and (2) with initial static shear stress (sloping ground). 
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(a) 

K 0 Consolidation 

ŝt 

o ' h = Ko*a\ CT 3c 

Isotropic or Anisotropic Consolidation 

CT lc 

a v 

cr h 
CT 3c 

Cyclic loading by horizontal 
shear stress ( T c y c ) 

Cyclic loading by varying 
deviator stress (Ao~d) 

Continuous Principle Stress 
Rotation (a = 0 to ± 45°) 

a 3 a i 

Compression (a = 0) Extension (a = 90°) 

90° Jump Rotation 

Figure 2.4 Comparison of Stress Conditions in (a) Simple Shear and (b) Triaxial Apparatus. 
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conditions between simple shear and triaxial apparatus. As may be noted from the figures, the 

DSS apparatus is considered more capable of replicating the field earthquake loading conditions 

than the triaxial device (Wijewickreme, 2004). Likely as a result of these differences, the test 

samples show a larger resistance to liquefaction in triaxial loading condition than in DSS 

condition (Peacock and Seed, 1968; Finn et al., 1971; Seed and Peacock, 1971; Castro, 1975; 

Vaid and Sivathayalan, 1996). 

Table 2.3: Differences in Simple Shear and Triaxial tests that contributing to the different cyclic 

resistance to liquefaction. 

PARAMETER SIMPLE SHEAR TEST TRIAXIAL TEST 

Definition of Cyclic Stress 
Ratio Tcyc/ O" vc Aad/2a'3c 

Consolidation Ko Isotropy or anisotropy 

Plane of Loading Horizontal Plane Planes of 45° to horizontal 

Principle Stress Rotation 
Continuous Rotation 

(0 to ± 45°) 
90° jump Rotation 

Intermediate principle stress 
Intermediate principle stress 
always equal to the minor 

principle stress 

Intermediate principle stress 
jump from minor principle 

stress to major principle stress 
during each halt cycles 

(Compression to extension 
mode). 

Other Factors Seating errors , Lack of 
• complimentary shear 

Necking or bulging of 
samples, compliance of the 

system 

2.3 SHEAR BEHAVIOUR OF SAND 

Understanding of the mechanical behaviour of soil is critically important in the 

development of constitutive models. Most of the basic understanding of soil behaviour has come 

from shear tests conducted mainly using the triaxial device, and to a lesser extent using shear 
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devices such as DSS, HCT etc. In recognition of the volume change tendencies associated with 

shear loading, laboratory testing of soils is often conducted either simulating drained (where 

provision is made for volume change without generating excess pore water pressures) or 

undrained conditions (where no volume change is permitted). Because of the volumetric 

constraint, the samples generally experience pore water pressure changes during undrained shear 

loading. 

In addition to the volumetric constraints, the other important consideration is the type or 

mode of loading. Monotonic loading tests are often conducted,to understand the response of soils 

to static loading. On the other hand, cyclic loading is used to investigate the soil behaviour under 

dynamic conditions such as seismic shaking. 

The present study is mainly related to investigating the response of air-pluviated sand 

under cyclic loading conditions. However, in consideration of the relevance to this study, the 

current understanding of the response of sands under both monotonic (static) and cyclic loadings 

are reviewed in the following sections. For each loading case, the behaviour of sand under 

drained and undrained loadings are discussed as separate subsections for clarity. 

2.3.1 Drained Monotonic Loading Response 

Drained static behaviour of sand has been investigated by many researchers (e.g. 

Casagrande, 1936; Roscoe et al., 1963; Cole, 1967; Castro, 1969). Casagrande (1936) observed 

that sand would exhibit significant volumetric deformations during shearing. Typical response of 

sand observed during drained static loading is given in Figure 2.5. Two types of volumetric 

responses have been observed (i.e. contractive and dilative responses, respectively). At large 

strain, the mobilized angle of friction at which soil starts to deform at constant void ratio is called 
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a Ip 

Expansion 

Figure 2.5 Characteristic response of sand during drain static/monotonic loading Condition 

(after Atkinson and Bransby, 1978). 
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the constant volume friction angle (c|)cv)- Researchers have found that for a given soil, <\>cv is 

essentially same as the mobilized friction angle corresponding phase transformation (§PT) under 

undrained loading (Chem, 1985; Neguessy et. al., 1988). 

Rowe (1962) and Lee and Seed (1967) have identified that, at a given density, there are 

three main components of shear resistance that comprise the peak mobilized friction angle: 

intrinsic sliding friction, resistance to dilation, and resistance to particle rearrangement (see 

Figure 2.6). Furthermore, Vesic and Clough (1968) found that the dilation effects gradually 

decrease with increasing confinement. This is also in accord with the finding that the 

contractiveness increases with increasing confining stress in undrained tests. 

2 . 3 . 2 U n d r a i n e d M o n o t o n i c L o a d i n g R e s p o n s e 

Numerous investigations on the undrained monotonic behaviour of sand under triaxial and 

simple shear loading conditions have been reported (e.g. Castro, 1969; Ishihara et al., 1975; 

Chern, 1985; Ishihara, 1993; Sivathayalan, 1994; Vaid and Thomas, 1995). Typical undrained 

response of sand in monotonic undrained loading is shown in Figure 2.7. As may be noted, the 

behaviour has been interpreted in terms of three types of responses. In Type (1) response, the 

material reaches a peak shear strength and then shows continuous strain-softening. This is 

termed as liquefaction by Castro (1969), Casagrande (1975), and Seed (1979) and as true 

liquefaction by Chern (1985). The maximum stress ratio at which the soil starts to strain-soften is 

called critical stress ratio (CSR) by Vaid and Chern (1983), collapse surface by Sladen et al. 

(1985), and instability line by Lade et al. (1993). This type of response is considered to result in 

flow failures under field conditions. 
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Figure 2.6 Components of shear resistance of sand (after Rowe, 1962; Lee and Seed, 1967). 
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Figure 2.7 Characteristic response of saturated sand under static/monotonic loading conditions 

(after Vaid and Chern, 1985). 
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Type (2) response shows initial strain-softening followed by strain-hardening (dilation) 

and termed as limited liquefaction by Castro (1969). In this type, soil starts to strain soften after 

reaching CSR and then deform at constant stress ratio and, subsequently, followed by dilative 

response. The constant stress ratio at which sand undergoes "steady-state-like" deformation has 

been called the quasi-steady state (QSS) by Ishihara et al. (1975). The term phase transformation 

(PT) corresponds to the effective stress ratio at which the soil behaviour change from contractive 

to dilative (or the stress ratio at which the shear induced excess pore water pressure reaches its 

maximum value). Several research works have confirmed that <|)PT is unique for a given sand 

(Bishop, 1971, Ishihara et al., 1975; Vaid and Chern, 1983, 1985, Kuerbis et al., 1988). 

Furthermore, it has been noted that for a given sand both PT and QSS essentially occur at the 

same mobilized effective stress ratio, regardless of its initial state (Vaid and Chern, 1985; 

Ishihara 1993; Vaid and Thomas, 1995). 

Type (3) response has no strain-softening region. Sand shows continuous increase in 

shearing resistance during deformation. Shear-induced excess pore water pressure initially 

experience an increase indicating a contractive response. This is followed by a decrease in pore 

water pressure that suggests a dilative tendency. 

The soil behaviour can change from Type (1) to Type (3) depending on the initial stress 

conditions, density states (or void ratio), loading path, and fabric. For example, at same initial 

stress conditions, the behaviour of sand can change from Type (1) to Type (3) with increasing 

density (Sivathayalan, 1994). On the other hand, response of soil with same initial density can 

change from Type (3) to Type (1) with increasing confining stress (Sivathayalan, 1994). Vaid et 

al. (2001) have shown, from triaxial experiments on water-pluviated samples, that contractive or 
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dilative tendency also depends on initial static shear stress. Loose sand exhibits an increase in 

strain softening with increasing initial static shear stress. 

In consideration of stress paths, for a given initial stress and density condition, sand is 

more contractive in extension than in compression (Bishop, 1971; Miura and Toki, 1982, Chung, 

1985; Vaid et al., 1990, 1995, 2001; Thomas, 1992; Riemer and Seed, 1997). Uthayakumar and 

Vaid (1998) and Sivathayalan and Vaid (2002) have observed that a sand response can also 

change from Type (3) to Type (1) with increasing a (angle of major principle stress with respect 

to vertical direction varying from 0 to 90°). In addition to the above, the particle fabric would 

also influence the contractive or dilative tendency of sand at identical initial conditions. For 

example, water-pluviated sand samples exhibit more dilative tendency than the air-pluviated and 

moist-tamped counterparts (Vaid et al., 1999). 

2.3.3 Drained Cyclic Loading Response 

Cyclic shear loading can induce significant compressive volumetric strains in unsaturated 

sands, which can result in undesirable ground settlements and possible damage to structures. In 

the case of saturated sand, this tendency in volume compression due to cyclic shear loading will 

lead to progressive generation of pore water pressure and subsequently to liquefaction. With the 

argument that the soil behaviour is governed by the response of the particle skeleton, data from 

drained cyclic tests have been used to capture pore pressure generation in undrained cyclic 

loading (e.g. Byrne, 1991; Lee, 1991). In these cases, the associated volume changes are 

predicted based on drained test data, and then the generated excess pore pressures are estimated 

by imposing a volumetric constraint as appropriate. 
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Laboratory strain-controlled drained cyclic DSS experimental works on sand by Silver 

and Seed (1971), Seed and Silver (1972); Youd (1972), Martin et al. (1975), and Finn et al. 

(1982) have shown that there is a progressive decrease in volume with applied number of load 

cycles. The rate of decrease in volume was noted to gradually decrease with increasing number 

of load cycles. Finn et al. (1982) found that the soil would become stronger with increasing 

number of load cycles, and eventually it reaches a steady stress-strain loop. Silver and Seed 

(1971) and Youd (1972) have observed that the volumetric strains also increase rapidly with 

increasing cyclic strain amplitude. Furthermore, their results show that the level of confining 

stress does not have a significant effect on volumetric compression. Youd (1972) has also 

observed that the frequency of shear strain application has no effect on the shear-induced volume 

compression. Martin et al. (1975) concluded that the shear-induced volumetric strain is 

proportional to the applied cyclic shear strain amplitude. Using this observed proportionality, 

Byrne (1991) has formulated a two-parameter shear-volume coupling model to predict the shear-

induced volumetric strains during cyclic loading. < 

Lee (1991) used a particulate approach to formulate a relationship between shear stress, 

effective vertical stress, incremental volumetric strain, and incremental shear strain in a drained 

cyclic simple shear test. He formulated the following bilinear relationship for loading and 

unloading cases and confirmed the validity of this relationship using data from DSS tests on two 

different sands: 

Loading T / O V ' = A + B {d (sv)/d (y)} [2.1a] 

Unloading -c/av'=-A-B {d (sv)/d (y)} [2.1b] 
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where A , B are positive constants that depend on the basic friction angle and the number of 

slip/non-slip contacts. The results indicated larger scatter at the initial levels o f stress reversal but 

showed reasonable agreement elsewhere. The predicted pore pressure using this particulate 

approach showed larger scatter with increasing number of cycles, and this is likely be due to the 

fabric changes associated with shearing. 

2.3.4 Undrained Cyclic Loading Response 

Undrained cyclic loading tests provide an opportunity to understand the soil behaviour 

during earthquake shaking. As per the case of monotonic loading, three types of responses have 

been observed: liquefaction, cyclic mobility with limited liquefaction, and cyclic mobility with 

out limited liquefaction (Castro, 1969, Vaid and Chern, 1985). The typical strain development 

corresponding to these three cases of responses are shown in Figures 2 8 through 2.10. In the 

liquefaction type of response, sand suffers continuous contractive deformation (Figure 2.8). On 

the other hand, in limited liquefaction type of response, once the stress ratio has reached phase 

transformation (PT) the soil starts to behave in a dilative manner. During the next unloading part 

of the cycle, larger excess pore pressures would develop and bring the effective confining stress 

to a zero transition stress stage. Further cyclic loading would cause the soil to exhibit dilative 

tendency, and, in turn, leading to strain hardening response starting from very low shear modulus 

(Figure 2.9). In cyclic mobility type response, there is no strain softening, and the shear strains 

increase gradually with increasing number of load cycles (Figure 2.10). 
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No. of cyc/es 

Figure 2.8 True Liquefaction type of deformation during cyclic loading 

(after Vaid and Chern, 1985). 



Figure 2.9 Limited liquefaction type of deformation during cyclic loading 

(after Vaid and Chern, 1985). 



Figure 2.10 Cyclic Mobility type of deformation during cyclic loading 

(after Vaid and Chern, 1985). 
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Similar to the case of monotonic loading, the cyclic response of a sand can change from 

liquefaction to cyclic mobility or vice versa, depending on density, initial static stress, confining 

stress, magnitude of cyclic load, fabric, past stress/strain history, etc. This dependency of cyclic 

loading response on some of the above factors is further reviewed in Section 2.4. 

2.4 C Y C L I C R E S I S T A N C E T O L I Q U E F A C T I O N 

Generally, cyclic resistance to liquefaction is defined as the cyclic stress ratio (CSR = 

Xcyc/o'vc where xc y c = Amplitude of cyclic shear stress and a' v c = Initial effective vertical stress) at 

which a soil sample will reach liquefaction after application of 15 cycles. Liquefaction was 

originally defined as the point at which the excess pore pressure ratio (ru = Au/a'v c where Au = 

excess pore water pressure and a' v c = initial effective vertical stress) reaches 100%. Since some 

soils experience relatively large strains during cyclic loading without reaching ru = 100% 

condition, liquefaction has also been defined on the basis of a soil reaching a certain specified 

strain level {e.g. samples subjected to cyclic loading with initial static bias and with out stress 

reversal ( i s t ^ c y c ) does not reach ru = 100%}. While a selected strain level is not necessarily an 

appropriate measure of liquefaction, as an "index" of comparison and for certain discussion 

purposes, liquefaction is considered to have triggered when the single-amplitude horizontal shear 

strain (y) reached a value of 3.75% in a DSS sample. This strain level is equivalent to reaching a 

2.5% single-amplitude axial strain in a triaxial sample, which also is a definition for liquefaction 

previously suggested by the National Research Council of United States (NRC, 1985). 

For a given sand, the cyclic resistance to liquefaction will depend on a number of factors 

such as initial density, confining stress, and static shear stress. The following sub sections will 
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review the influence of some of these factors that are directly connected with the present 

investigation. 

2.4.1 Effect of Confining Stress and Density 

The effect of confining stress on the cyclic resistance of soil has been observed by many 

researchers (e.g. Vaid et al., 1985, 2001; Seed and Harder, 1990, Sivathayalan, 1994, Idriss and 

Boulanger, 2004). Generally, the cyclic resistance of sand has been observed to decrease with 

increasing confining stress. Seed and Harder (1990) suggested the following empirical correction 

factor K c to account for this effect of initial confining stress on the cyclic resistance. 

CRRo', Drc = K c * CRRlOO, Drc [2 2] 

where (CRR) 0 iDrC is the cyclic resistance ratio of a soil sample of a given relative density D r c 

consolidated to an initial confining stress of a', and (CRR)ioo,Drc is the cyclic resistance ratio of a 

sample of the same soil at the same density consolidated to an initial confining stress of 100 kPa. 

However, it was later recognized that the experimental results exhibited a significant scatter with 

respect to the above since the dependency of K c on density had not been taken into account. 

This dependency of KCT on the relative density of sand was noted by Thomas (1992) and Vaid and 

Thomas (1995) based on data from cyclic triaxial tests. Furthermore, simple shear tests results by 

Vaid et al. (1985) and Sivathayalan (1994) has also shown similar dependency of K a on the 

relative density. The effect of confining stress on K c was noted to be larger at higher densities, 

but it has virtually no effect at lower density levels. Hynes and Olsen (1999) have recently 

compiled and analyzed a large database and derived the following equation for calculating K c : 
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KC T = (a'V (/Pa) ( f- 1 ) [2.3] 

where f is a constant that depends on the relative density. The NCEER/NSF workshop 

participants have recommended the following values for f: for relative densities between 40% and 

60%, £=0.7-0.8; for relative densities between 60% and 80%, f=0.6-0.7 (Youd et al., 2001). 

It is well known that the liquefaction resistance increases with increasing density. In 

general, the density is expected to increase with increasing confining stress (i.e. stress 

densification). As such, there is a possibility of same compensation between the effect of 

confining stress and density on the liquefaction resistance. Pillai and Byrne (1994) have 

demonstrated the importance to consider the effect of stress densification in determining the CRR 

of insitu sands, from the field and laboratory test results on Duncan Dan sand. Furthermore, Park 

and Byrne (2004) have demonstrated the method to evaluate the effect of stress densification in 

numerical models that capture the centrifuge model response. 

2.4.2 Effect of Static Shear Stress 

The field earthquake Geotechnical problem generally involves configurations having 

level-ground as well as slopes. In the description of initial stress state, for level-ground 

conditions, the term "no static shear bias" is commonly used to reflect that there are no initial 

static shear stresses on the horizontal plane prior to earthquake loading (Seed and Peacock 1971; 

Vaid and Finn, 1979). In the laboratory, when the objective is to replicate this level-ground 

condition, cyclic shear tests are conducted on samples consolidated without an initial applied 

static shear stress (or "no static bias"). On the other hand, samples initially consolidated with an 
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applied static shear stress prior to cyclic shear loading are used to simulate the configuration of 

sloping ground, and these tests are typically referred to as cyclic shear tests with an "initial static 

shear stress bias". 

It has been found that the presence of initial static shear stress has a profound influence on 

the cyclic resistance of sand (e.g. Lee and Seed, 1967; Lee et al., 1975; Yoshimi and Oh-oka, 

1975; Vaid and Finn, 1979; Vaid and Chern, 1983; Stedman, 1997; Harder and Boulanger, 1997; 

Vaid et al., 2001). Studies by Lee and Seed (1967), Lee et al. (1975), and Seed et al. (1975) have 

led to the conclusions that the presence of static shear increases the cyclic resistance to 

liquefaction. Castro (1969, 1975), Casagrande (1975), Castro and Poulos (1977) and Castro et al. 

(1982), on the other hand, observed that the increase in static shear stress may decrease the cyclic 

resistance to liquefaction. Investigation by Vaid and Finn (1979), Vaid and Chern (1983, 1985), 

Seed and Harder (1990), and Vaid et al. (2001) has indicated that the effect of static shear stress 

on the cyclic resistance is also influenced by the initial density. For example, it has been found 

that loose (contractive) sands experience a reduction in cyclic resistance in the presence of initial 

static shear bias. On the other hand, the cyclic shear resistance of dense (dilative) sands have 

been noted to increase with increasing level of static bias. Vaid and Chern (1985) have 

concluded that the cyclic resistance to liquefaction would increase with increasing initial static 

shear if the deformation mechanism is of "cyclic mobility" type, and vice versa. 

Seed and Harder (1990) suggested the following empirical correction factor K a in order to 

incorporate the initial static shear effect on cyclic resistance of sand. 

C R R o 
,Drc,a 

K a * C R R * . , Drc.O 

[2.4] 
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where (CRR) 0 ' ,Drc,a is the cyclic resistance ratio of a soil sample of a given relative density D r c 

consolidated to an initial confining stress of a' with an initial static shear bias ratio of a (= 

Xst/a'), and (CRR)Cjo is the cyclic resistance ratio of a sample of the same soil at the same 

density/initial confining stress, but with no initial static shear bias (a = 0). 

Harder and Boulanger (1997) suggested values for Ka by incorporating the dependency of 

K a on density and magnitude of initial static bias mainly based on data from cyclic DSS and 

torsional shear tests. Vaid and Sivathayalan (2000) and Vaid et al. (2001) have shown that the 

predicted CRR values using the K a and factors as proposed above would underestimate the 

cyclic resistance ratio regardless of the initial density and stress levels. It has been noted that 

effect of both static shear stress and confining stress are dependent on the density. As such, it has 

been suggested both K a and are not independent, and, perhaps, the use of a scaling factor K a c 

that would account for both static shear stress and confining stress is more meaningful. 

2.4.3 Effect of Cyclic Pre-shearing (Re-liquefaction Response) 

The cyclic resistance to liquefaction has also been noted to be significantly influenced by 

past liquefaction, or pre-shearing, effects (Finn et al., 1970; Seed et al. 1977; Ishihara and Okada, 

1978, 1982; Suzuki and Toki, 1984; Vaid et al., 1989). Finn et al. (1970) noted this effect based 

on the results obtained from cyclic DSS and triaxial tests. They found that previously liquefied 

samples exhibit significantly less cyclic shear resistance than virgin samples despite a significant 

increase in density due to the consolidation followed by liquefaction. Emery et al. (1973) found 

that the liquefied samples may have top layers that are loose, and this may result in the non

uniform samples that could exhibit a reduction in liquefaction resistance in subsequent loadings. 

The samples that did not reach liquefaction (i.e. samples subjected to small cyclic strains) showed 
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significant increase in their resistance to liquefaction in comparison to those observed for virgin 

sample (Finn et al., 1970; Seed et al., 1977). Ishihara and Okada (1978, 1982) have distinguished 

between the small and large pre-shearing by the location of the effective stress state with respect 

to the "line of phase transformation". Vaid et al. (1989) have suggested the line of critical stress 

ratio (CSR) as the demarcation between the small and large pre-shearing because larger 

deformations start to occur after CSR in true and limited liquefaction types of responses. Results 

from triaxial tests by Ishihara and Okada (1978) and Vaid et al. (1989) have shown that the small 

pre-shearing would significantly reduce the excess pore water pressure generation during 

subsequent cyclic loadings. On the other hand, large pre-shearing would significantly increase or 

decrease the pore pressure generation in next loading depending on the loading direction. If a 

sample is loaded in the same direction as the direction of pre-shearing (i.e. no strain reversal) 

then the pore pressure generation was noted to be less than that observed during the previous 

loading, and vice versa. 

2.4.4 Effect of Aging 

While significant laboratory investigations have been undertaken to assess the effects of 

aging on the soil response under monotonic loading (Andersan and Stokoe, 1978; Howie et al., 

2001; Gananathan, 2002; Lam, 2003), not much work-has been reported with regard to the effect 

of aging on liquefaction resistance. Seed (1979) indicated that the cyclic resistance would 

increase with aging based on results from tests on samples that had been subjected to sustained 

loads for periods ranging from 0.1 to 100 days prior to testing. Samples that had been subjected 

to longer periods of sustained pressure showed an increased resistance to liquefaction by about 

25% in comparison to the unaged samples. 
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The study on the effect of aging is not within the scope of the current research program. 

However, this became important consideration in the development of the testing protocols, 

particular with respect to determining a suitable aging period prior to shearing for the re

constituted samples. 

2.5 P R O P O S E D R E S E A R C H P R O G R A M 

The foregoing literature review indicates that major advances have been made in the 

understanding of the stress strain response of sand mainly based on data from water-pluviated 

laboratory element specimens. The response of sand depends on many factors such as density, 

stress conditions, testing apparatus, fabric, and aging. It is clear that there is a need to obtain data 

from controlled element tests on specimens that closely mimic the soil fabric of the centrifuge 

specimens for the validation of numerical models using centrifuge tests. 

In recognition of the above, and with the knowledge that the centrifuge samples are 

prepared mainly using the method of air-pluviation, a detailed laboratory element testing research 

program was undertaken focusing on the cyclic shear resistance of air-pluviated sand. The NGI-

type (Bjerrum and Landva, 1966) cyclic direct simple shear (DSS) device at the University of 

British Columbia (UBC), which is considered to be more effective in simulating seismic loading 

than the triaxial device, was used as the testing apparatus. 

Experimental procedures, material tested, the development of air-pluviation technique, 

evaluation of sample uniformity, and assessment of test repeatability are described in Chapter 3. 

Chapter 4 presents the experimental results, and it also provides a detailed discussion on the 

important and relevant findings. Summary and conclusions derived from this study are presented 

in Chapter 5. 



CHAPTER 3 

EXPERIMENTAL ASPECTS 

This chapter describes the experimental aspects of the study presented in this thesis. 

The selection of testing apparatus and the development of sample preparation techniques to 

characterize the cyclic loading response of Fraser River sand were conducted in a manner 

that would directly support and complement the numerical modelling and centrifuge testing 

proposed as a part of the overall liquefaction study undertaken at the University of British 

Columbia (UBC). 

Initially, a description of the UBC direct simple shear (DSS) apparatus, including the 

stress and strain controlled loading systems, instrumentation, and data acquisition system is 

presented. Brief descriptions of material tested, the development of sample reconstitution 

method, associated uniformity evaluation and test procedures are then addressed. Typical 

experimental results are also presented to demonstrate the test consistency and repeatability. 

An outline of the experimental program is provided at the end of the chapter. 

3.1 T E S T I N G A P P A R A T U S 

The direct simple shear and triaxial apparatus have been used by many researchers to 

study the cyclic shear response of sands. While the cyclic triaxial test has been widely used 

35 
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because of its simplicity and common availability, the DSS loading is considered to 

effectively mimic the anticipated stress conditions under cyclic loading. Furthermore, simple 

shear tests can be conducted in constant volume condition, which eliminates the error due the 

compliance as well as making the testing easier by eliminating the complicated saturation 

requirements (Finn and Vaid, 1977; Finn et al., 1978). In recognition of the above, the cyclic 

direct simple shear apparatus was selected for the characterization of Fraser River sand 

presented in this thesis. 

3.1.1 Simple Shear Apparatus 

The UBC simple shear apparatus is of the NGI type (Bjerrum and Landva, 1966). A 

schematic diagram of the apparatus is given in Figure 3.1. A cylindrical soil sample, 70 mm 

in diameter and -20 mm in height, is placed in a reinforced rubber membrane. The 

reinforced rubber membrane is stiff enough to constrain any lateral deformations and 

therefore, the soil behavior will be in a state of zero lateral strain during consolidation and 

cyclic loading, which is considered suitable to simulate the anticipated stress conditions in 

the field as well as in the centrifuge model (see Figures 2.3 and 2.4). Simple shear tests can 

be conducted in undrained condition or constant volume condition. In the case of undrained 

test, undrained condition is imposed by suspending all drainage conditions. In constant-

volume DSS tests, as an alternative to suspending the drainage of a saturated sample, a 

constant volume condition can be enforced even in dry soil by constraining the sample 

boundaries (diameter and height) against changes. The sample diameter is already 

constrained against lateral strain using reinforced rubber membrane, and the height constraint 

is attained by clamping the vertical movement of the top and bottom loading caps. It has 

been shown that the decrease (or increase) of vertical stress in a constant-volume DSS test is 
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essentially equal to the increase (or decrease) of excess pore water pressure in an undrained 

DSS test where the near constant volume condition is maintained by not allowing the mass of 

pore water to change (Finn et al., 1978; Dyvik et al., 1987). 

3.1.2 Loading System 

The UBC DSS apparatus consists of horizontal and vertical loading systems (see 

Figure 3.1). The vertical loading system consists of a single acting air piston, which can be 

precisely controlled by an external manually controlled air pressure regulator. A double 

acting frictionless air piston that is coupled in series with a constant speed motor drive is 

used to apply the horizontal load. The coupled horizontal loading system enables the system 

to provide a smooth transition from stress-controlled to strain-controlled loading and vice 

versa. 

Cyclic loading in stress-controlled mode is applied by changing the pressure on one 

side of the double acting piston by the means of electro-pneumatic regulator, while holding 

the pressure on the other side constant. The electro-pneumatic regulator is coupled with a 

data acquisition system and computer, which enables to apply essentially any prescribed form 

of cyclic loading. Generally, a sinusoidal waveform is used, and the magnitude and duration 

of the waveform can be changed, at anytime, during the test. Each chamber of the double 

acting piston is coupled with a volume booster, in order to maintain the amplitude of cyclic 

loading at present value during large deformations. 

Cyclic loading or monotonic loading in strain-controlled mode is applied by the 

means of constant speed motor. The motor speed and direction can be changed manually, as 

required. 
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3.1.3 Data Acquisition and Control System 

The UBC DSS device uses a high-speed data acquisition and control system. A 12-

bit "PCL718" high-speed data acquisition card is used for signal input and output. This card 

consists of five A/D input channels and a D/A output channels. 

Input channels are dedicated to collect data from the two load cells (monitoring 

vertical load and horizontal load) and three LVDTs (one for monitoring vertical displacement 

and two for horizontal displacement). From the two LVTDs that are used to measure 

horizontal displacements, one is assigned for the measurement of small displacements and 

the other for large displacements. This approach increased the measuring resolution of small 

displacements. All transducers are excited using a 5V d.c voltage. Input signals from load 

cells are amplified by a factor of 1000. The resolution is further improved by averaging 60 

readings for each data channel. The high-speed data acquisition system is capable of 

gathering about 500 sets of data per second. 

The D/A channel is used to control the electro-pneumatic transducer that supplies the 

pressure to one chamber of the double acting air piston. The electro-pneumatic transducer is 

of "SMC IT2051-N33" type that is capable of 90 kPa full scale pressure output for a 1000 

kPa input pressure. 

3.1.4 Measurement Resolution 

Carefully selected transducers and sophisticated data acquisition system yield a high 

resolution of measurement and precise control of the test specimen. In the data reduction 

program, the measured shear load is corrected for shaft friction, strength of reinforced 

membrane, and spring force from the displacement transducers. The resolution of each 

measurement, for a 70 mm in diameter and 20 mm in height sample, is given in Table 3.1. 
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Table 3.1 Measurement resolutions of UBC simple shear apparatus. 

MEASUREMENT RESOLUTION 

Vertical/ normal stress ± 0.25 kPa 

Horizontal/shear stress ± 0.25 kPa 

Shear strain Small Range (<13%) ± 0.01 % Shear strain 

Large range (>13%) ± 0.05 % 

Vertical strain ± 0.01 % 

3.2 M A T E R I A L T E S T E D 

The Fraser River sand used in this study had an average particle size D 5 0 = 0.26 mm, 

Dio = 0.17 mm, and uniformity coefficient cu = 1.6 (see Figure 3.2). This dredged sand from 

the Fraser River in the Lower Mainland of British Columbia, Canada, has been extensively 

used in laboratory research at UBC over the past 10 years. Because of its presence and 

judged susceptibility to liquefaction in large parts of the highly populated Fraser River Delta, 

it has been selected as the soil material for the centrifuge model testing conducted to provide 

data for the verification of numerical models at UBC. The maximum and minimum void 

ratios (emax and emin) for the sand determined as per American Society for Testing and 

Materials Standards ASTM-4254 and ASTM-4253 are 0.94 and 0.62, respectively. Fraser 

River sand is composed of 40% quartz, quartzite, and chert, 11% feldspar, and 45% unstable 

rock fragments (Garrison et al., 1969). The sand grains are generally angular to sub-rounded 

in shape. A microscopic view of the sand particles is shown in Figure 3.3. 
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Figure 3.2 Grain size distribution of Fraser River sand (Park, 2003). 

Figure 3.3 Microscopic view of Fraser River sand particles. 
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3.3 D E V E L O P M E N T O F AIR-PLUVIATION M E T H O D 

One of the most important considerations was to develop a specimen preparation 

technique that would essentially replicate the granular structure imparted in centrifuge 

specimens prepared by raining of sand in air. Previous work by several researchers (Vaid 

and Negussey, 1986; Rad and Tumay, 1987; Cresswell et al., 1999) has indicated that the as-

placed density of air-pluviated sand is dependent on the fall height as well as the mass rate of 

deposition of sand particles. Hence, there was a need to develop the characteristic 

relationships between as-pluviated density, flow rate, and fall height for Fraser River sand. 

This information was considered useful not only in the preparation of sand specimens for 

element testing, but also as input for the preparation of larger centrifuge specimens. 

A simple raining technique that allows relatively independent control of both fall 

height and mass flow rate of sand is most preferable for the preparation of samples. 

Methodologies that have been previously developed by others (Rad and Tumay, 1987, 

Cresswell et al., 1999) were found to be relatively complex. As a result, a simple pluviation 

technique was developed, and Figure 3.4 shows the mechanical details of the arrangement. 

The set-up essentially consists of two concentric plexi-glass cylinders where the outer 

diameter of the inner cylinder is only very slightly smaller than the inner diameter of the 

outer cylinder. The inner cylinder can be rotated with respect to the outer cylinder as desired, 

and it has the effect of reducing side friction and arching effects as well as the ability to 

control the flow rate. A steel wire mesh with a selected opening size (1 mm sq. mesh) is 

mounted to the bottom of the outer cylinder, thus providing for raining of sand over a circular 

footprint. This footprint was designed to be essentially equal to that of the circular mold for 

the soil test specimen (-70 mm diameter) to ensure that the sand surface at any given time 

during placement would always be generally flat. The objective was to ensure that the sand, 



Chapter 3 - Experimental Aspects 

Outer 
Cylinder 
(plexiglass) 

Remoable 
Extension 

Plexiglass Extension 
(for prevention of 
sand spillage) 

Sample Mould 

Inner Cylinder 
(plexiglass) 

Fixed 
Stand 

Clamp 

Reinforced 
DSS 
Membrane 

DSS Base Platen 

(b) 

Figure 3.4 Mechanical details of air-pluviation arrangement, 

(a) photograph (b) schematic diagram. 
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once deposited in the mold, would not be subjected to significant local lateral movements (or 

internal failures) that could result in changes to the particle structure after initial deposition. 

In the air-pluviation process, the inner cylinder is initially filled with Fraser River 

sand. While holding the raining arrangement stationary, the sand is then allowed to fall 

freely through the bottom mesh until the sand flow would eventually stop (unassisted) due to 

the arching of soil across the inner cylinder above the mesh. At this point, the specimen 

mold is carefully positioned below the pouring arrangement so that their two footprints are 

aligned. The inner cylinder is then rotated with respect to the outer cylinder causing a 

breakage of the arching effect, and resumption of the flow of soil. The flow rate could be 

adjusted by manually controlling the rate of rotation of the inner cylinder. Over 100 air-

pluviated specimens of Fraser River sand were made using different combinations of fall 

heights and flow rates. The characteristic variations of relative density with flow rate and 

average fall height determined from this work is shown in Figure 3.5. 

The results clearly indicate that the as-placed density increases with increasing fall 

height and decreasing mass flow rate. Similar trends have been observed by Vaid and 

Negussey (1986) for medium Ottawa sand. The noted increase in placement density with 

increasing drop height can be explained relatively easily as a result of higher kinetic energy 

associated with particles dropping over a larger distance. The reason for the noted decrease 

in as-placed density with increase in mass flow rate is not so readily explained. It may be 

that with increasing mass flow rate, the opportunity for the expulsion of entrapped air 

between particles upon landing is more constrained in the case of higher mass flow rates than 

that possible under lower flow rates. It is possible that this constrained expulsion of 

entrapped air, and the resulting increased level of energy dissipation, could potentially lead to 

the observed lower as-placed densities at higher mass flow rates. 
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Figure 3.5 Characteristic variation of relative density of air-pluviated Fraser River 

sand as a function of flow rate and average fall height (h). 
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The tests described above were carried out with a 1 mm sieve opening. It was 

identified that the raining of sand for the preparation of centrifuge specimens might also be 

undertaken using a 2.5 mm sieve that would lead to larger mass flow placement rates than 

that obtained from the 1 mm sieve size. To allow for this option, the laboratory sand 

deposition arrangement was modified to have a 2.5 mm screen. Due to the larger sieve size, 

the arching effect did not manifest across the walls of the plexi-glass cylinders, and as a 

result, the sand mass flow rate was essentially constant, and an inner cylinder to vary the rate 

of flow was not required. Since the flow rate is kept constant, the required as-placed density 

was achieved by selecting the fall height. 

3.4 UNIFORMITY O F SOIL SPECIMENS 

While considerations related to the particle structure in sample preparation can be 

addressed partly by the mode of placement, the uniformity of the sample in terms of its 

density is another important consideration in laboratory testing. In this regard, investigations 

were undertaken to assess the density variation of the air-pluviated samples prepared using 

the methods described above. 
i 

The uniformity of sand specimens is often assessed using the density of dissected 

sections obtained from gel-impregnated samples (Emery et al., 1973; Vaid and Negussey, 

1986; Vaid et al., 1999). Since the air-pluviated samples are obviously in a dry condition, a 

simple, but accurate, siphoning technique was developed to "dissect" specimens instead of 

using more intricate gel-impregnation techniques. The process essentially involved 

extracting, at a given time, about a 6 mm thickness of the 20 mm-high simple shear sample 

using a siphoning arrangement (see Figure 3.6). As noted in the figure, a suction of 20 kPa 

was applied to the siphon tube. The inlet of the siphon tube was then carefully traversed over 
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(b) 

Figure 3.6 Mechanical details of siphoning arrangement for determination of the uniformity 

of density in air-pluviated samples, (a) photograph (b) schematic diagram. 
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the sample, using a guide, so that only the upper soil is removed and a flat surface left on the 

remaining soil. The height and the weight of each removed portion were recorded, thus 

enabling calculation of the corresponding in-place relative density. The relative density 

variation with depth was determined using this approach on a number of samples, and typical 

results are shown in Figure 3.7. 

The results presented in Figure 3.7 indicate that the air-pluviation technique allows 

the preparation of samples that are relatively uniform, with densities of a given zone 

deviating not more than +5% from the corresponding average relative density. Uniformity 

checks, using gel-impregnation techniques, conducted by Vaid and Negussey (1986) have 

shown that samples can be prepared using water-pluviation to achieve relative densities 

within +3% from the average relative density. On the other hand, samples prepared using 

moist-tamping seem to have given rise to wide non-uniformities with up to +10% deviations 

from the average (Vaid et al., 1999). It is worthwhile noting that, unlike the small 6-mm 

thick portions considered in the determination of density for the present study, the results 

reported by Vaid et al. (1999) have been derived using the densities assessed using dissected 

portions having much larger volumes (i.e. using -20 mm-thick portions). Due to limitations 

on the measurement accuracy (of height and mass), the estimated relative density from 

smaller soil volumes would be more susceptible to scatter than those computed from larger 

volumes. As such, part of the wider variation of +5% noted above might be a result of the 

relatively thin (6 mm) dissections used for the evaluation of air-pluviated samples. The 

uniformity of density in specimens prepared using the new air-pluviated technique, therefore, 

was judged to be comparable to those obtained from water-pluviation, and considered 

acceptable from the point of view of laboratory element testing. Having assessed the 
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samples. 
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acceptability, all samples for the characterization of sands for this research program were 

prepared using the above air-pluviation methodology and considering the deposition 

characteristics developed thereof. 

3.5 T E S T P R O C E D U R E 

3.5.1 Sample Setup 

In preparation for air-pluviation, the reinforced rubber membrane was placed in 

position and the bottom of the rubber membrane was sealed with the bottom pedestal using 

an o-ring (see Figure 3.1). Then the split mould was kept in position and vacuum was 

applied to stretch the membrane and create the sample cavity. Soil was deposited from a 

predetermined height as to obtain sample types as discussed below in this section. Excess 

soil was siphoned off using the same methodology that have been used to evaluate the 

uniformity of test specimens (see Figure 3.6). 

Three different types of sand samples as defined below were prepared for the testing 

program presented herein: 

3.5.1.1 Type (1) Samples 

Type (1) samples were prepared by air-pluviating the sand, using the method 

described in Section 3.3 (see Figure 3.4). The drop height was selected in such a way to 

achieve an as-placed relative density of 34% with the intent of achieving a target relative 

density at the end of consolidation (Drc) of 40% at a vertical confining stress of 100 kPa. 

After placement of sand, the vertical stress was brought to 20 kPa using the vertical loading 

system, and the rubber membrane was sealed with the top cap using an o-ring. 
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It is noted that due to the difference in the applied vertical stress, the samples that 

were consolidated to o-'vc values of 50 kPa and 200 kPa resulted in samples having D r c = 38% 

and 44%, respectively. These a ' v c - D r c combinations were specifically chosen since it 

represented the target loose density of the centrifuge models planned for the validation of 

numerical models at UBC. The above approach essentially meant that two controlling 

parameters, a ' v c and D r c , would be allowed to vary simultaneously in "parallel samples" in a 

given test series; this is somewhat different from the conventional approach in laboratory 

research where the effects arising from only one influencing factor are generally isolated by 

varying only that factor during a given test series. However, this atypical approach was 

considered essential herein since integral capturing of the stress densification effects on the 

response of sand was a necessity to generate data for the simulation of centrifuge tests. 

3.5.1.2 Type (2) Samples 

Type (2) samples were prepared by initially, air-pluviating the sand into the mold 

same as per Type (1) samples and then, manually tamping on the sample surface using a 

"plunger-type" tamper that has a footprint essentially similar to the sample size, but with a 

small 2° vertical tapering. The tapering was needed to eliminate the frictional resistance 

between the tamper and reinforced membrane during the tamping process. Upon completion 

of tamping to achieve a relative density of 77%, a confining stress of-10 kPa was applied to 

the sample using the vertical loading system, and then sample mold was given a small 

amount of external tapping using a soft hammer to ensure proper seating. This further 

densified the sample and increased the relative density to 79%. The samples prepared as 

above reached a target relative density of 80% at a confining stress of 100 kPa. Again, 
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samples that were consolidated to other confining stresses resulted in different densities due 

to stress densification. For example, samples with 200 kPa had a relative density of 81%. 

3.5.1.3 Type (3) Samples 

The effect of imparted vibration during sample preparation on the stress strain 

response of sand were investigated using a limited number of samples prepared using an 

approach slightly different from the above methods (Type (3) Samples). In this instance, the 

sand was initially deposited into the sample cavity formed by the membrane lined split mould 

essentially with no drop height. This was achieved by placing a 2.5 mm square steel wire 

mesh at the bottom of the split mold and then placing sand using a funnel maintained at 

almost zero fall height. Upon filling the cavity of the mold, the wire mesh was retracted in a 

slow and gentle manner. This enabled the sand to pass through the mesh essentially at zero 

height of drop and, in turn, to reconstitute a uniform air-pluviated sample with an initial 

relative density of 7%. The sample was then densified to-a relative density of 36% by gentle 

tapping using a soft hammer while being subjected to a 10 kPa effective stress from the 

vertical loading system. The sample prepared as above eventually reached a relative density 

of 40% at a confining stress of 100 kPa! 

3.5.1.4 Final Setup 

All the transducers were properly positioned and initial outputs were set to their zero 

values, and readings were taken as appropriate during all the sample preparation steps. All 

vertical load applications were done gently to avoid sudden impacts and possible disturbance. 

Finally, the horizontal loading system was connected with the top pedestal and the vacuum, 

split mould and horizontal locator pin, which was used to hold the top pedestal in place were 
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subsequently removed. During this final set up period, the transducer readings were 

monitored to assess and confirm that no undesirable movements or loads were imparted. 

3.5.2 Consolidation Phase 

After completion of sample setup, the vertical confining stress was increased to the 

target value corresponding to a given test. In the case of tests with initial static shear stress, a 

shear stress was also applied manually using the horizontal loading piston (see Figure 3.1). 

The volume change during the consolidation phase with respect to time was recorded using 

the data acquisition system. The primary consolidation process for sand was almost 

instantaneous. The samples were then kept at their consolidation stress conditions for 30 

minutes in order to allow for same aging effects that would be anticipated in the centrifuge 

model. (Note: An aging time of 30 minutes was considered suitable based on discussions 

that were made with the centrifuge testing experts) 

3.5.3 Shearing Phase 

Upon completion of the consolidation phase, the vertical displacement constraint was 

set to meet the requirements of a given test. For example, in the case of constant volume 

tests, the ram of the vertical loading piston was clamped so that there would not be any 

change of sample height during the shearing process. On the other hand, for drained tests, 

this loading ram was allowed to move freely under the applied vertical consolidation stress. 

The monitored value of the vertical load cell allowed the estimate of oV at a given time 

during a constant-volume DSS tests. In drained tests, the volume changes were obtained 

from vertical displacement measurements. 
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As indicated earlier, the horizontal shear loading was applied either using double 

acting piston or constant speed motor depending on whether the test was stress-controlled or 

strain-controlled, respectively. In stress-controlled constant-volume cyclic tests, the loading 

was applied in the form of a sinusoidal wave with a frequency of 0.1 Hz. Even though this 

frequency is less than the frequency content of typical earthquake loadings, it enabled a better 

control of loading as well as data acquisition. The undrained behaviour of sand is known to 

be essentially frequency independent; therefore, this approach is commonly adopted as 

reasonable in laboratory cyclic loading of soils. Strain-controlled cyclic loading drained tests 

were conducted by applying the cyclic loading at strain rates of 10% or 20% strain per hour, 

and strain-controlled monotonic tests were conducted at a strain rate of 10% strain per hour. 

The selection of low strain rates, again, enabled well-controlled tests with reliable 

measurements. 

All the cyclic tests except the tests that were carried out to study the repeated cyclic 

response of sand were terminated once the sample reached significantly large deformations 

(~10%> horizontal shear strain for constant-volume tests) or the required number of cycles 

(for drained tests). On the other hand, the cyclic tests that were carried out to study the 

repeated cyclic response of sand (see next section) were terminated once the sample reached 

the target ru value. All the monotonic loading tests were conducted up to a horizontal shear 

strain level of - 6 % . 

3.5.4 Re-consolidation and Re-shearing Phases 

After completion of the cyclic loading phase of undrained/constant volume cyclic 

loading tests, samples were re-consolidated to the initial confining stresses to obtain an 

indication of the potential post liquefaction, or post-cyclic volume changes. Since the 
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samples generally had a residual shear strain at the end of a given cyclic loading, before re-

consolidation, the samples were manually reset in a strain-controlled manner to reach 

approximately zero shear stress and strain level. 

In those tests where the repeated cyclic shear response was sought, the samples re-

consolidated as above were again sheared in cyclic loading and re-consolidated as needed 

before. In some tests, this process was repeated until a third round of cyclic loading. 

3.6 R E P E A T A B I L I T Y O F T H E T E S T R E S U L T S 

The ability to obtain repeatable results is an important consideration in affirming 

confidence in an experimental program. Repeatability of results from a given type of test 

indicates the suitability of the technique of sample preparation in terms of replicating sample 

uniformity, density and soil structure/fabric. It also confirms the quality of the loading and 

measuring systems in terms of their measuring accuracy, and the ability to duplicate loading 

paths. Typical results from repeated testing of samples in cyclic shear are shown in Figures 

3.8 and 3.9. Figure 3.8 shows the repeatability in stress-controlled constant volume cyclic 

loading tests, and Figure 3.9 shows that for the strain-controlled drained cyclic loading tests. 

The observed very good repeatability illustrate the care taken during sample preparation, in 

addition to the quality of the techniques of preparation, loading, and data acquisition. 
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Figure 3.8 Typical results showing repeatability in undrained cyclic response of sand. 
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Figure 3.9 Typical results showing repeatability in drained cyclic response of sand. 
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3.7 T E S T P R O G R A M 

A testing program was developed with the main objective of characterizing the fundamental 

cyclic loading response of air-pluviated Fraser River sand. The stress and density conditions 

of the samples, and loading parameters were selected so as to provide input to verification of 

numerical models conducted at UBC. The research program has six main components as 

described below. 

3.7.1 Characterization of Undrained Cyclic Loading Response of Loose Fraser River 

Sand (Type (1) Samples) 

A series of cyclic loading tests were carried out on loose air-pluviated {Type (1) 

samples as described in Section 3.5.1.1} Fraser River sand in constant volume simple shear 

conditions, and the test program is summarized in Table 3.2. Most of the tests were 

conducted to explore the response at two vertical confining stress (a'vc) levels, 100, and 200 

kPa, with the exception of some additional tests performed at a\c - 50 kPa with no static 

shear stress bias. Consolidation shear/normal stress levels and cyclic stress ratios were 

selected in such a way to capture a combination of loading scenarios and initial stress 

conditions (e.g. with shear stress reversal, without shear stress reversal and transient zero 

shear stress condition). As indicated in Section 3.5.1.1, due to the difference in the applied 

vertical stress, the samples that were consolidated to a' v c values of 50 kPa and 200 kPa 

resulted in samples having D r c = 38% and 44%, respectively. 
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3.7.2 Characterization of Undrained Cyclic Loading Response of Dense Fraser River 

Sand (Type (2) Samples) 

Table 3.3 summarizes the cyclic loading tests conducted on dense {Type (2) samples 

as described in Section 3.5.1.2} Fraser River sand under constant-volume simple shear 

conditions. Tests were performed to explore the response of the sand without initial static 

bias at two vertical confining stress (o'vc) levels, 100, and 200 kPa. All the samples were 

prepared with a target relative density of 80%. The samples that were tested with a confining 

stress of 200 kPa had their relative density (Drc) increased to 81% due to stress densification. 

An additional set of tests was conducted to study the response with initial static bias with 

stress reversal at a vertical confining stress of 100 kPa. 

3.7.3 Characterization of Drained Cyclic Loading Response of Loose Fraser River 

Sand (Type (1) Samples) 

DSS tests were also carried out on loose air-pluviated {Type (1) samples} Fraser 

River sand to make direct observation on the cyclic shear-volume coupling response (see 

Table 3.4). The tests were conducted on samples with an initial relative density of 40% and 

vertical confining stress of 100 kPa. Samples were sheared with constant cyclic shear strain 

amplitudes (ymax) for a range of ym ax values from 2% to 8%. 

3.7.4 Characterization of Drained Cyclic Loading Response of Dense Fraser River 

Sand (Type (2) Sample) 

A DSS test was carried out on dense {Type (2) Sample} Fraser River sand to make 

direct observation on the cyclic shear-volume coupling response (see Table 3.4). The test 
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was conducted on samples with an initial relative density of 80% and vertical confining stress 

of 100 kPa. Sample was sheared with a constant cyclic shear strain amplitude (ymax) of 4%. 

3.7.5 Characterization of Repeated Cyclic Loading Response of Loose Fraser River 

Sand (Type (1) Samples) 

A limited numbers of cyclic loading constant-volume simple shear tests were carried 

out to study the multiple cyclic loading response of loose {Type (1) samples} Fraser River 

sand (see Table 3.5). Tests were carried out on loose samples with a relative density of 

-40%) at a confining stress of 100 kPa. Cyclic loading was stopped at predetermined pore 

water pressure ratio levels, and the samples were then subjected to re-consolidation to the 

original 100 kPa stress level and subsequent shearing. As may be noted from Table 3.5, 

some of the samples were re-consolidated upon the completion of second cyclic loading and 

again subjected to another round of cyclic loading. In order to assist the presentation of 

results and discussion in Section 4.1.4, the cyclic loading phases have been identified using 

different test numbers as shown in Table 3.5. 

3.7.6 Monotonic Loading Response of Loose Fraser River Sand 

A monotonic constant-volume simple shear test was also undertaken on Type (1) 

sample. Another sample was prepared to achieve the same density as Type (1) sample when 

subjected to o v c ' = 100 kPa, except it was a Type (3) sample as described as in Section 

3.5.1.3. The later test allowed observing the effect of imparted vibrations during sample 

preparation on stress strain response of sand and, in turn, assessing the inherent fabric 

differences between Type (1) and Type (3) samples (see Table 3.6). 
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Table 3.2 Summary of constant-volume stress-controlled cyclic simple shear tests on loose 

Fraser River sand {Type (1)}. 

Test Series 
No. 

Initial Vertical 
Consolidation 

Pressure 
a'vc(kPa) 

Relative 
Density 
D r c (%) . 

Static Shear Stress 
Ratio 

(xj a'vc) 

Cyclic Shear Stress 
Ratio 

( T c y c / fj Vc) 

A l 50 38 0 0.08, 0.10, 0.12 

BI 

100 40 

0 0.08, 0.10, 0.12, 0.15 

B2 100 40 0.10 0.65,0.08, 0.10 

B3 

100 40 

0.05 0.10 

C l 

200 44 

0 0.08, 0.10, 0.12, 0.15 

C2 200 44 0.10 0.60, 0.08, 0.10 

C3 

200 44 

0.05 0.10 

Table 3.3 Summary of constant-volume stress-controlled cyclic simple shear tests on dense 

Fraser River sand {Type (2)}. 

Test Series 
No. 

Initial Vertical 
Consolidation 

Pressure a'v c(kPa) 

Relative 
Density 
D r c (%) 

Static Shear Stress 
Ratio 

(ist/ a'v c) 

Cyclic Stress Ratio 
(XCyc/ a vc) 

E l 
100 80 

0 0.25, 0.30, 0.35 

E2 
100 80 

0.1 0.35, 0.40, 0.45 

F l 200 81 0 0.20, 0.25, 0.30 

Table 3.4 Summary of strain-controlled drained cyclic simple shear tests on Fraser River 

sand. 

Test Series 
No. 

Initial Vertical 
Consolidation 

Pressure 
a ' v c (kPa) 

Relative 
Density 
D r c (%) 

Sample 
Type 

Strain Rate 
(%strain/hrs) 

Cyclic Shear Strain 
Amplitude 

Ymax (%) 

G l 

100 
40 0 ) 

10 2, 4, 5, 8 

G2 100 
40 0 ) 

20 2,8 

HI 

100 

80 (2) 20 4 
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Table 3.5 Summary of cyclic constant-volume simple shear tests to study repeated cyclic 

loading response of loose Fraser River sand {Type (1)}. 

Sample 
No. 

Initial Relative 
Density 
D r c (%)} 

Cyclic Loading Cyclic Loading 
Phase No. 

Pore Water Pressure Ratio 
at which Cyclic Loading 

was terminated (%) 

R l 41 
1st R l l 100 

R l 41 
2 n d R12 100 

R2 41 
1st R21 46 

R2 41 
2 n d R22 100 

R3 41 
1st R31 88 

R3 41 
2 n d R32 100 

R4 40 

1st R41 100 

R4 40 2 n d R42 100 R4 40 

3 r d R43 100 

R5 40 

1st R51 54 

R5 40 2 n d R52 100 R5 40 

3 r d R53 100 

Table 3.6 Summary of strain-controlled monotonic undrained simple shear tests. 

Initial Vertical 
Consolidation Pressure 

a ' vc (kPa) 

Relative 
Density 
D r c (%) 

Strain Rate 
(%strain/hrs) 

Sample 
Type 

Sample Preparation 
Method 

100 40 10 

(1) . Air-PIuviation 

100 40 10 
(3) 

Air-Pluviation with 
external tapping 
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R E S U L T S A N D DISCUSSION 

This chapter presents a detailed examination of the results obtained for the test 

program outlined in Chapter 3. Initially, the results from the monotonic constant-volume 

(undrained) direct simple shear tests conducted on loose air-pluviated Fraser River sand is 

presented. The observed response from cyclic constant-volume direct simple shear tests on 

loose samples, with different initial stress conditions, are then presented and discussed. The 

observations on the repeated cyclic loading response of loose air-pluviated Fraser River sand 

are evaluated. The observed response from cyclic constant-volume direct simple shear tests 

on dense samples, with different initial stress conditions, are then presented and discussed. 

This is followed by the results from drained cyclic simple shear tests. Differences in soil 

fabric due to the imparted vibrations during sample preparation are inferred based on 

monotonic tests. 

4.1 UNDRAINED RESPONSE O F L O O S E F R A S E R RIVER SAND 

4.1.1 Monotonic Loading Response 

Figure 4.1 presents the stress path and stress-strain response from a constant-volume, 

monotonic, strain-controlled DSS test on loose air-pluviated Fraser River sand (Type (1) 

63 
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(a) 
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Figure 4.1 Monotonic (a) stress path and (b) stress-strain response of loose air-pluviated 

Fraser River sand. 
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sample) consolidated to a vertical stress (a'vc) of 100 kPa (D r c = 40%). Under this static 

loading, the sample deformed with a slight strain-softening response, which was then 

followed by a strain-hardening response. This behaviour is essentially similar to the response 

described as "limited liquefaction" type by Isihara et al. (1975), Vaid and Chern (1985), Vaid 

and Thomas (1995), and Vaid et al. (2001) based on observations mainly from cyclic 

undrained tests conducted on water-pluviated sands. 

4.1.2 Cyclic Loading Response - Without Initial Static Shear Stress Bias 

Figures 4.2 through 4.5 present the response of Type (1) sand during cyclic DSS 

loading of samples, consolidated to o' v c =100 kPa and D r c = 40%, without application of 

initial static shear stress (i.e. Xst = 0) as per Series BI (Table 3.2). As may be noted, the 

points of liquefaction, defined as the point of y = 3.75%, is also identified. For example, the 

test depicted in Figure 4.2 (Sample LI) was loaded with a cyclic stress ratio (T c y c / a'v c) of 

0.08 (Note: x c y c = cyclic shear stress amplitude). The sample exhibited significant drop in 

a ' vc (or rise in pore water pressure) with increasing number of cycles, with liquefaction 

triggering in about the 18th cycle [Note: As discussed earlier, decrease of vertical stress in a 

constant-volume DSS test is essentially equal to the increase of pore water pressure in an 

undrained DSS test]. Figure 4.5 shows the response of Sample L4, which was loaded with a 

cyclic stress ratio of 0.15. This sample, having subjected to more severe cyclic loading than 

Sample LI, reached liquefaction in a relatively smaller number of cycles with deformations 

occurring in a strain-softening manner. Upon liquefaction, both the specimens experienced 

transient a ' v c ~ 0 conditions (or excess pore water pressure ratios amounting to -100%) when 
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Figure 4.2 Cyclic (a) stress path and (b) stress-strain response of loose sand without initial 

static shear stress - Sample L l . 



Chapter 4 - Results and Discussion 67 

(a) 30 

20 H 

© Point of 7=3.75% 
(i.e. Assumed triggering point 
of liquefaction for 
comparison purposes) 

CT'vc=100kPa;Drc=40% 
Tcyc/°"'vc=0-10; T s , / a ' v c =00 

(b) -36-

co 
CO 
OJ 

is 

on 

i Point of y=3.75% 
(i.e. Assumed triggering 
point of liquefaction for 
comparison purposes) 

CT'vc=100kPa; D rc=40% 

VG,vc=0-10;i«/o,vc=0.0 

Shear Strain, y (%) 

Figure 4.3 Cyclic (a) stress path and (b) stress-strain response of loose sand without initial 

static shear stress - Sample L2. 
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Figure 4 . 4 Cyclic (a) stress path and (b) stress-strain response of loose sand without initial 

static shear stress - Sample L 3 . 
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-30 

Figure 4.5 Cyclic (a) stress path and (b) stress-strain response of loose sand without initial 

static shear stress - Sample L4. 
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the shear stress reached a value of zero during cyclic loading. Similar responses can be noted 

for test results presented in Figures 4.3 and 4.4. The observed trends of stress-strain and pore 

water pressure development under cyclic loading discussed above are generally similar to 

those noted by others (Chern, 1985; Vaid and Chern, 1985; Thomas, 1992; Sivathayalan, 

1994) from tests on water-pluviated loose sand. 

4.1.2.1 Air-Pluviated Samples Vs Water Pluviated Samples 

Curve I in Figure 4.6 shows the variation of applied cyclic stress ratio (xcyJ(5\c) 

versus number of cycles required to trigger liquefaction ( N L ) developed from DSS tests on 

four identical samples (Samples LI through L4) of air-pluviated Fraser River sand having D r c 

= 40% (or void ratio ec = 0.812) under a vertical stress of o' v c = 100 kPa. The results 

obtained by Sivathayalan (1994) for water-pluviated Fraser River sand for two void ratio 

levels (Curves II and III) using the same DSS device are also superimposed on the same plot. 

The Fraser River sand used in the current study was different from the batch used by 

Sivathayalan (1994), and the minimum and maximum void ratios (emax and em,n) determined 

using A S T M standards for the two batches were also found to be different. The value of D r c 

= 40% referred to in Curve II has been calculated with respect to emax and emin used by 

Sivathayalan (1994), and, as a result, it has a void ratio different from that corresponding to 

the samples having a D r c = 40% as per emax and emjn of the current study. On the other hand, 

the Curve III corresponds to tests conducted by Sivathayalan for samples having a void ratio 

at the end of consolidation ec = 0.81, which is identical to the void ratio of samples having 

D r c = 40% shown in Curve I from the current study. 
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Figure 4.6 Comparison of cyclic resistance curves for loose air-pluviated and water-

pluviated sands. 
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The results in Curves I through III indicate that, regardless of whether the comparison 

is made with respect to samples having same void ratio ec or same relative density D r c at the 

end of consolidation, the air-pluviated samples are significantly weaker in resisting cyclic 

loads in comparison to their water-pluviated counterparts. These findings from cyclic 

loading further corroborate the increased liquefaction susceptibility of air-pluviated sands in 

comparison to water-pluviated sands previously observed by others from undrained 

monotonic loading tests. The difference in liquefaction susceptibility can be attributed to 

differences in the particle structure resulting from the two methods of sample re-constitution. 

In summary, these findings show the importance and relevance of particle structure in 

governing the liquefaction response of sands in addition to relative density (or void ratio) and 

level of confining stress that are commonly considered as primary controlling parameters. 

4.1.2.2 Influence of Vertical Confining Stress and Effect of Stress Densification on the 

Cyclic Loading Response of Sand 

Figures 4.7 through 4.10 present the response of Type (1) sand during cyclic DSS 

loading of samples, consolidated to a' v c = 200 kPa and D r c = 44%, without application of 

initial static shear stress (i.e. T ^ = 0) as per Series C l (Table 3.2), and that presented in 

Figures 4.11 through 4.13 are for the samples, consolidated to a ' v c = 50 kPa and D r c = 38%, 

without application of initial static shear stress (i.e. T s t = 0) as per series A l (Table 3.2). The 

tests were aimed at assessing the effect of vertical confining stress and stress densification in 

an integral manner. All the samples showed similar type of stress-strain response as the 

results presented for Series B1 at the beginning of this section. 



Chapter 4 - Results and Discussion 73 

(a) 60 

40 

Point of y=3.75% 
(i.e. Assumed triggering point 
of liquefaction for 
comparison purposes) 

CT'V =200kPa; Drc=44% 
V/cr'vc=O08; V^vc =0-0 

=60̂  

Shear Strain, y (%) 

Figure 4.7 Cyclic (a) stress path and (b) stress-strain response of loose sand without initial 

static shear stress - Sample L 5 . 
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Figure 4.8 Cyclic (a) stress path and (b) stress-strain response of loose sand without initial 

static shear stress - Sample L 6 . 
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Figure 4.9 Cyclic (a) stress path and (b) stress-strain response of loose sand without initial 

static shear stress - Sample L7. 



Chapter 4 - Results and Discussion 76 

Figure 4.10 Cyclic (a) stress path and (b) stress-strain response of loose sand without initial 

static shear stress - Sample L8. 



Chapter 4 - Results and Discussion 77 

(a) 15 

io A 

Point of Y=3. 75% 
(i.e. Assumed triggering point 
of liquefaction for 
comparison purposes) 

a'vc=50kPa; Drc=38% 
t;cy</o"vc=0.08; xst/a'vc =0.0 

4 ^ 

Shear Strain, y (%) 

Figure 4.11 Cyclic (a) stress path and (b) stress-strain response of loose sand without initial 

static shear stress - Sample L9. 
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Figure 4.12 Cyclic (a) stress path and (b) stress-strain response of loose sand without initial 

static shear stress - Sample L10. 
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Figure 4.13 Cyclic (a) stress path and (b) stress-strain response of loose sand without 

initial static shear stress - Sample LI 1. 



Chapter 4 - Results and Discussion 80 

The variation of applied cyclic stress ratio versus number of cycles required to 

liquefaction (NL) for cyclic shear tests on air-pluviated loose Fraser River sand conducted on 

samples consolidated to vertical stresses of: a' v c = 50 kPa (D r c = 38%), 100 kPa (D r c = 40%), 

and 200 kPa (D r c = 44%) are shown in Figure 4.14. The results show that, for Type (1) 

samples formed with the same energy, the number of cycles to liquefaction under a given 

cyclic stress ratio level increases with the increase in initial vertical confining stress. 

Previous work has shown that the cyclic resistance ratio (CRR) of a sand for a given 

relative density decreases with increasing confining stress (Seed and Harder, 1990). This 

reduction in CRR has been accounted for using a correction factor (Kc) defined as: 

(CRRV, Drc = KCT * (CRR)l 0 0 > Drc [4.1 ] 

where (CRR)c', Drc is the cyclic resistance ratio of a soil sample of a given density D r c 

consolidated to an initial confining stress of a', and (CRR)ioo,Drc is the cyclic resistance ratio 

of a sample of the same soil at the same density consolidated to an initial confining stress of 

100 kPa. The value of has been noted to decrease with increasing confining pressure, for 

a given relative density. The decrease is larger at higher relative density states (Vaid et al., 

2001). As such, considering the cases without initial static shear stress conditions, K a can be 

essentially considered as a function a' and D r c [i.e. K<j(a', Dr c)]. 

At first glance, the results presented in Figure 4.14 appear to be not in agreement with 

the above generally accepted influence of confining stress on the liquefaction resistance 

using the K c correction factor. A closer review indicates that, for air-pluviated sand, the gain 

in CRR due to stress densification effect has exceeded the potential reduction in CRR arising 
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Figure 4.14 Effect of stress densification on cyclic resistance for loose air-pluviated sand. 
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from increase in rj' v c- This is illustrated in another format in Figure 4.15 where values of 

CRR corresponding to N L = 15 cycles from DSS tests on air-pluviated samples are extracted 

from Figure 4.14 and re-plotted with respect to o'v. The different relative densities arising 

from stress densification corresponding to the three stress levels are also identified in the 

figure. Published experimental data in Sivathayalan (1994) allowed determination of CRR 

values for water-pluviated Fraser River sand for (o'v and D r c) combinations identical to those 

for the air-pluviated sands above, and they are also plotted in Figure 4.15 for comparison 

purposes. For the water-pluviated samples, there appears to be essentially no increase in 

CRR with increasing confining stress. In this case, the increase in CRR due to increased D r c 

is balanced by the reduction in CRR due to the stress increase. Clearly, this is different from 

the noticeable effect of stress densification on the CRR values observed with respect to the 

air-pluviated samples. Again, this contrast between the two CRR curves can only be 

attributed to the likely difference in the fabric between air-pluviated and water-pluviated 

sands. In addition, the above findings also highlight the need to account for stress 

densification in the numerical analysis of the centrifuge models prepared using air-pluviation. 

The results also re-confirm the importance of the effect of stress densification in predicting 

the liquefaction resistance of sand, which has been highlighted by other researchers (Pillai 

and Byrne, 1994; Park and Byrne, 2004). 
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Figure 4.15 Comparison of cyclic resistance curves for loose air-pluviated and water-

pluviated sands at same relative density (Drc) and vertical effective stress (a'v c) conditions. 
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4.1.3 Cyclic Loading Response - With Initial Static Shear Stress Bias 

Figures 4.16 through 4.19 present the response of four Type (1) samples that were 

initially consolidated to CT'vc = 100 kPa (D r c = 40%) with an initial static shear stress bias (i.e. 

normalized static shear stress level = a = T s t /a'v C ) , and then subjected to cyclic loading as per 

Series B2 and B3 (Table 3.2), and that presented in Figures 4.20 through 4.23 are for another 

four Type (1) samples that were initially consolidated to a ' v c = 200 kPa (D r c = 44%) with an 

initial static shear stress bias, and then subjected to cyclic loading as per Series C2 and C3 

(Table 3.2). As may be noted from the Figures 4.16 through 2.23, all the samples exhibited 

reduction in effective stress (or rise in pore water pressure) with increasing number of cycles. 

If shear stress reversal does not occur during cyclic loading, samples could reach liquefaction 

without 100% excess pore water pressure generation (e.g. Samples L12, L13, 116, and L17). 

On the other hand, with cyclic stress reversal (e.g. Samples LI5 and LI9), or transient shear 

stress o'v = 0 condition (e.g. Samples L14 and LI8), the samples were subjected to 

liquefaction with transient excess pore water pressure ratio amounting to -100%. These 

trends are, again, qualitatively similar to those observed from cyclic tests on water-pluviated 

sand. 

4.1.3.1 Cyclic Resistance (Number of Cycles to Liquefaction) 

Figure 4.24 shows the variation of applied cyclic stress ratio (CSR) level versus 

number of cycles required to liquefaction ( N L ) derived from DSS tests conducted on Type (1) 

samples with an initial static shear stress a = Tst / CT'vc = 0.1 (i.e. Test Series B2 and C2 in 
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Figure 4.16 Cyclic (a) stress path and (b) stress-strain response of loose sand with initial 
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Table 3.2). The samples were consolidated to vertical stresses of: a ' v c = 100 kPa (D r c = 

40%), and 200 kPa (D r c = 44%), and, the results are compared with those obtained from DSS 

tests without static bias, but otherwise with identical initial stress level and density 

conditions. 

The effect of increasing cyclic shear resistance due to increasing stress densification 

is less prominent for the tests involving initial static bias in comparison to those tests with no 

static bias. The effect of normalized initial static shear stress a on the liquefaction resistance 

can be examined in the context of commonly used K a factor defined as: 

( C R R V , D r c , a = K a * (CRRV,Drc,o [4.2] 

where (CRR)0',Drc,a is the cyclic resistance ratio of a given sand at an arbitrary initial 

confining stress a' and static bias of a, and (CRRV.Drco is the cyclic resistance ratio of a 

sample of the same soil at the same density/initial confining stress, but with no static shear 

bias (a = 0). Considering the values of CRR corresponding to N L = 15 cycles from Figure 

15, a Ka value of ~0.8 is obtained for both the vertical normal effective stresses of 100 kPa 

(Drc= 40%) and 200 kPa (Drc= 44%). These values are in reasonable agreement with the 

lower bound of the K a values for sands suggested by Harder and Boulanger (1997) for a = 

0.1 and o'vc values less than 300 kPa, but for a lower relative density (Dr c) condition of 35%. 

Since Harder and Boulanger (1997) relations are understood to be weighted more heavily 

towards data obtained from direct simple shear and torsional simple shear tests, they are 

compatible with the loading mode used in the present study. However, the K a values for D r c= 
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Figure 4.24 Comparison of cyclic resistance curves for loose air-pluviated sand with and 

without initial static shear stress. 
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40% observed by Vaid et al. (2001) using triaxial tests for water-pluviated Fraser River sand, 

tested in a similar consolidation stress level, range between 1.25 and 1.5 indicating increase 

in cyclic shear resistance due to static bias. The difference in loading mode between the 

triaxial and simple shear loading, combined with the differences in particle structure 

associated with air-pluviation, would likely have contributed to the observed inconsistencies. 

4.1.4 Repeated Cyclic Loading Response 

This section presents the results obtained from repeated cyclic loading tests conducted 

on initially loose air-pluviated Fraser River sand {Type (1)}. (Note: The testing procedures 

and test identification numbers are given in Chapter 3 and they are not repeated herein). 

Figures 4.25, 4.27 and 4.29 present the stress paths under first and second cyclic 

loading phases of Samples R l through R3, respectively, conducted on these loose air-

pluviated Fraser River sand specimens. The corresponding stress-strain responses of these 

three tests are given in Figures 4.26, 4.28 and 4.30. As indicated in Table 3.5, the samples 

had identical conditions (an initial relative density of 41% at a confining stress level of 100 

kPa) and the first cyclic loading of a given sample was stopped upon reaching a certain 

predetermined excess pore water pressure ratio (ru) and allowed to consolidate. The samples 

were then subjected to a repeated cyclic loading. 

Sample R l was subjected to first cyclic loading (Phase R l l ) until it reached a ru of 

100%. This sample is essentially identical to Sample L2 (see Figure 4.3). Similar to the 

observed response for Sample L2, the Sample R l also showed a significant drop in a' v c with 

increasing number of cycles. Sample R l reached liquefaction (i.e. y = 3.75%) in the 9 th 

cycle, this is slightly more than the seven cycles required for liquefaction of sample L2, 
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likely because of the slightly higher density of Sample R l than Sample L2. During re-

consolidation, the sample experienced a volumetric strain of 1.9%, and this resulted in an 

increase of the relative density to a value of 52%>. As shown in Figures 4.25(b) and 4.26(b), 

in the second cyclic loading phase (R12), this sample liquefied after reaching lesser number 

of cycles (6 cycles) than first cyclic loading (Rl 1) despite the increase in the relative density. 

It appears that the high excess pore water pressures (ru = 100%) incurred during Phase R l 1 

had resulted in weakening the soil. The observed behaviour is in accord with the previous 

findings by others on the response of water-pluviated samples subjected to large pre-shearing 

(Finn et al., 1970; Ishihara and Okada, 1978; Vaid et al., 1989). 

Sample R2 was subjected to first cyclic loading phase (R21) until it reached a ru of 

46% (Figure 4.27). This ru value was reached in 5 cycles of loading and only with very small 

amplitude of shear strain (ym a x = 0.18%). The noted good agreement between the first five 

cycles of loading in this loading Phase R21 and the Phase R l l of previous sample again 

confirms the repeatability of the test results. A volumetric strain of 0.2% and a relative 

density increase to a value of 42% was noted during re-consolidation. As shown in Figures 

4.27(b) and 4.28(b), in the second cyclic loading phase (R22), this sample liquefied after 

reaching significantly larger number of cycles (28 cycles) than first cyclic loading (Phase 

Rl l ) . This noted significant increase in cyclic shear resistance cannot be due to the small 

increase in the relative density from 41%) to 42%. This suggests that some strengthening in 

the soil fabric that may have taken place during Phase R21 that was terminated before 

generating larger ru values (ru = 46%) and shear strains (ym a x = 0.18%). This observed 

behaviour is in accord with the previous findings by others on the response of water-
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pluviated samples subjected to small pre-shearing (Finn et al., 1970; Seed et al., 1977; 

Ishihara and Okada, 1978; Vaid et al., 1989). 

Sample R3 was subjected to first cyclic loading (Phase R31) until an ru of 88% that 

was reached during the 8th cycle. A maximum shear strain of 2.1% was experienced by the 

sample during this stage. While this strain level is significantly less than that experienced by 

the Sample R l (Ymax = 8.0%), it is still lager than that occurred in Phase R21 of Sample R2 

(Ymax = 0.18%). There is good agreement in the response between this first cyclic loading 

phase and those observed from R l l and R21, again, confirming the repeatability of the test 

results. The Sample R3 was then re-consolidated to 100 kPa confining stress level as before. 

A volumetric strain of 0.8% was noted during re-consolidation and the relative density of the 

sample was increased to 46% during this process. As shown in Figures 4.29(b) and 4.30(b), 

in the second cyclic loading phase (R32), this sample liquefied after reaching lager number of 

cycles (27 cycles) than that required for liquefaction in first cyclic loading phase (Rl 1). It is 

of interest to note that during second cyclic loading the Sample R3 reached liquefaction after 

reaching almost the same number of cycles as that observed for Sample R2 despite the 

difference in the relative densities prior to second loading phase. 

Figures 4.31 and 4.33 present the stress paths under first, second and third cyclic 

loading phases of test numbers R4 and R5, respectively, conducted on loose air-pluviated 

Fraser River sand specimens {Type (1)}. The stress-strain responses corresponding to these 

two tests are given in Figures 4.32 and 4.34. As indicated in Table 3.5, the samples had 

identical conditions (an initial relative density of 40% at a confining stress level of 100 kPa) 

and the first and second cyclic loadings of a given sample were stopped upon reaching a 

certain predetermined excess pore water pressure ratio (ru). 
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Figure 4.31 Cyclic stress paths of initially loose sand during repeated cyclic loading (a) First 
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Figure 4.34 Cyclic stress-strain response of initially loose sand during repeated cyclic loading 

(a) First Cyclic Loading Phase (R51) (b) Second Cyclic Loading Phase (R52) 

(c) Third Cyclic Loading Phase (R53)- Sample R5. 



Chapter 4 - Results and Discussion 108 

Sample R4 was subjected to first cyclic loading (phase R41) until it reached a ru of 

100% and reached liquefaction in the 7 t h cycle. During re-consolidation in preparation for 

loading Phase R42, the sample experienced a volumetric strain of 2.0 % and a relative 

density increase to a value of 51.5%. As shown in Figures 4.31(b) and 4.32(b), in the second 

cyclic loading phase (R42), this sample liquefied after reaching almost same number of 

cycles (8 cycles) as Phase R41 despite the larger relative density. 

It is noted that the Sample R4 and loading Phase R41 are essentially identical to the 

Sample R l and its first loading Phase R l l . As such, the observed behaviour in second 

loading phase for both the samples are very similar. Once again, this almost unchanged 

cyclic shear resistance suggests a clear weakening in the soil fabric due to the first occurrence 

of liquefaction. When the Phase R42 was terminated the sample reached an ru = 100%. 

The sample was, again re-consolidated to a vertical confining stress of 100 kPa to 

prepare for the next cyclic loading phase (R43). During this consolidation, the sample 

suffered an additional volumetric strain of 1.2% and the relative density was increased to 

58.4%. As shown in Figures 4.31(c) and 4.32(c), during third cyclic loading Phase (R43), 

this sample reached liquefaction in the 17th cycle (y = 3.75%), which is higher than the 

required number of cycles to cause liquefaction during first two cyclic loading phases (R41 

and R42). This increase in the cyclic resistance during third cyclic loading appears to be 

arising from increase in density that took place during re-consolidation after Phase R42. 

Based on the previous observed trends, since the sample R4 almost reached ru = 100% in 

Phase R42, it should have exhibited significant weakening in Phase R43. It appears that any 

such possible degradation of cyclic strength has been over-shadowed by the increase in the 

relative density. 
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Sample R5 was subjected to loading Phase R51 until it reached a ru of 54% after 5 

cycles of loading. A volumetric strain of 0.2% (with D r reaching to a value of 41%) was 

noted during re-consolidation for Phase R52. As shown in Figures 4.33(b) and 4.34(b), the 

loading Phase R52 required significantly larger number of cycles (25 cycles) to reach 

liquefaction. This is essentially identical to Phase R22 (see Figures 4.27(b) and 4.28(b)) and 

the observations can be explained using potential strengthening in the soil fabric due to small 

pre-shearing as before. During second re-consolidation, the sample experienced a volumetric 

strain of 2.2% and the relative density was increased to 54%. As shown in Figure 4.33(c) 

and 4.34(c), in the third cyclic loading Phase R53, this sample reached liquefaction in the 8th 

cycle, which is almost same as. the required number of cycles to cause liquefaction during 

first cyclic loading Phase R51. Herein, any strengthening in soil fabric associated with small 

pre-shearing appears to be erased due to fabric alterations due to liquefaction during second 

loading. 

The series of results presented above confirms the effect of pre-shearing on the cyclic 

response of soils observed by other researchers (Finn et al., 1970; Seed et al., 1977; Ishihara 

and Okada, 1978; Vaid et al., 1989). It appears that: 

• The small pre-shearing improves the soil fabric and, in turn, increases the cyclic 

resistance of sand to liquefaction during the next cyclic loading phase (e.g. Samples R3 

and R5). 

• The large pre-shearing weakens the soil fabric and, in turn, decreases the cyclic resistance 

of sand to liquefaction during next cyclic loading phase (e.g. Samples R l and R4). 
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• Sometimes, the reduction in the cyclic resistance of sand to liquefaction arising from the 

weakening in soil fabric due to large pre-shearing may be overridden by the increase in 

relative density that take place during re-consolidation process (e.g. Samples R3 and R4). 

4.1.5 Shear Strains Due to Cyclic Loading and Post-Cyclic Consolidation Volumetric 

Strains 

The maximum shear strains (ymax) observed during first cyclic loading of samples R l 

through R3 are plotted with respect to the maximum excess pore water pressure ratio (ru) in 

the Figure 4.35(a). In a similar manner, Figure 4.35(b) shows the volumetric strains incurred 

during post-cyclic consolidation versus excess pore water pressure ratio (ru) during cyclic 

loading for the same tests. As expected, both volumetric and shear strains increase with 

increasing excess pore water pressure ratio (ru). The rate of increase of Ymax is lower at lower 

values of ru and this rate increases at high r u levels. This type of response for loose sands has 

been observed by other researchers (Tokimatsu and Seed, 1987; Nagase and Ishihara, 1988). 

The same data in Figures 4.35(a) and (b) are re-plotted in a y m a x versus ev graph in Figure 

4.36. The post-cyclic consolidation volumetric strains increase with increasing ym ax during 

cyclic loading; for example, it can be seen that a post-cyclic volumetric strain of 1.9% was 

obtained at a maximum cyclic shear strain level of 8%. 
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Figure 4.35 Variation of (a) volumetric strain (ev) (b) maximum shear strain (ym ax) with 

excess pore water pressure ratio (ru) during cyclic simple shear loading. 
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Figure 4.36 Variation of volumetric strain (sv) with maximum shear strain (ym ax) during 

cyclic simple shear loading 
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4.2 UNDRAINED RESPONSE O F DENSE F R A S E R R I V E R SAND 

4.2.1 Cyclic Loading Response - Without Initial Static Shear Stress Bias 

Figures 4.37 through 4.39 present the response of dense Fraser River sand (Type (2) 

samples as described in Section 3.5.1.2) during cyclic DSS loading of samples, consolidated 

to a 'vc = 100 kPa and D r e = 80%, without application of initial static shear stress (i.e. xst = 0) 

as per Series E l (Table 3.3). For example, the test depicted in Figure 4.37 (Sample Dl) was 

loaded with a cyclic stress ratio ( T c y c / o"'vc) of 0.25. Sample D l exhibited gradual drop in 

a 'vc (or rise in pore water pressure) with increasing number of cycles, with liquefaction 

triggering in the 46 th cycle [i.e. Point of y= 3.75%]. There is significant pore water pressure 

generation during the unloading phase of a cycle in comparison to the counterpart loading 

phase, even in the first cycle of cyclic loading. This is significant contrast to the response of 

loose samples. The loose samples did not develop any significant excess pore water pressure 

during the unloading phase (almost elastic unloading) of initial loading cycles, for loose 

samples, the excess pore water pressure generation during unloading cycle started to be 

significant only when stress path reached the line of phase transformation (see Figures 4.2 

through 4.5). This relatively large excess pore water pressure generation during unloading in 

loose samples is a reflection of contractive tendency and "plastic unloading" after the 

development of phase transformation. This plastic unloading occurs at early stages in the 

case of dense sample perhaps due to the early development of phase transformation. Similar 

responses can be noted for test results obtained for other dense samples as presented in 

Figures 4.38 and 4.39. The observed trends of stress-strain and pore water pressure 

development under cyclic loading discussed above are generally similar to those noted by 
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Figure 4.37 Cyclic (a) stress path and (b) stress-strain response of dense sand without initial 

static shear stress - Sample DI. 
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Figure 4.38 Cyclic (a) stress path and (b) stress-strain response of dense sand without initial 

static shear stress - Sample D 2 . 
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others from tests on water-pluviated dense sands (e.g. Kammerer et al., 2001; Seed et al., 

2003). 

4.2.1.1 Influence of Vertical Confining Stress and Effect of Stress Densification on the 

Cyclic Loading Response of Dense Sand 

Figures 4.40 through 4.42 present the response of dense Fraser River sand (Type (2) 

samples) during cyclic DSS loading of samples, consolidated to a ' v c = 200 kPa and D r c = 

81%, without application of initial static shear stress (i.e xst = 0) as per Series F l (Table 3.3). 

The tests were aimed at assessing the effect of vertical confining stress and any associated 

stress densification in an integral manner. The stress-strain response is similar to those 

observed for the Series E l . 

The variation of applied cyclic stress ratio versus number of cycles required to 

liquefaction (NL) for cyclic shear tests on dense Fraser River sand conducted on samples 

consolidated to vertical stresses of a ' v c = 100 kPa (D r c = 80%) and 200 kPa (D r c = 81%) are 

shown in Figure 4.43. The results obtained from the loose samples (from Figure 4.14) are 

also included in the figure for comparison. For dense samples, the number of cycles to 

liquefaction under a given cyclic stress ratio level decreases with the increase in initial 

vertical confining stress. The results are illustrated in another format in Figure 4.44, where 

values of CRR corresponding to N L = 15 cycles from DSS tests on dense samples are 

extracted from Figure 4.43 and re-plotted with respect to o'v, again, along with data for loose 

sand. The observations are in accord with the findings regarding the effect of K c on cyclic 

resistance of sand. It appears that, in contrast to loose sand as discussed Section 4.1.2.2, the 

effect of stress densification is insignificant in dense sand. This is likely since the relative 
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Figure 4.40 Cyclic (a) stress path and (b) stress-strain response of dense sand without initial 

static shear stress - Sample D4. 
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Figure 4.41 Cyclic (a) stress path and (b) stress-strain response of dense sand without initial 

static shear stress - Sample D5. 
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Figure 4 .43 Comparison of the effect of stress densification on the cyclic resistance of dense 

sand with that of loose sand. 
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density change due to the increase in confining stress from 100 kPa to 200 kPa is very little 

(~ 1%) and only the effect of K c (increasing contractive tendency with increasing confining 

pressure) is dominant. 

4.2.2 Cyclic Loading Response - With initial Static Shear Stress Bias 

Figures 4.45 through 4.47 present the cyclic response of dense Fraser River sand 

specimen that was initially consolidated to a ' v c =100 kPa (D r c = 80%) with an initial static 

shear stress bias (i.e. normalized static shear stress level = a = Xst/o'v c), and then subjected to 

cyclic loading as per Series E2 (Table 3.3). For example, the test depicted in Figure 4.45 is 

for a sample (D7) subjected to cyclic loading with shear stress reversal. Similar to the 

observed response of loose samples with shear stress reversal (Samples L15 and L19), 

Sample D7 finally reached zero effective confining stress level after certain number of 

cycles. The responses observed for the Samples D8 and D9 are also similar (Figures 4.46 

and 4.47). 

As may be noted from the Figures 4.45 through 4.47, all the samples exhibited 

reduction in effective stress (or rise in pore water pressure) with increasing number of cycles 

with lager dilation spikes. The results are, again, similar to the observations from the DSS 

tests on dense samples without initial static shear stress (Section 4.2.1), where samples 

exhibited lager pore water pressure generation during unloading even at the early cycles of 

cyclic loading. 
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Figure 4.45 Cyclic (a) stress path and (b) stress-strain response of dense sand with initial 

static shear stress - Sample D7. 
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Figure 4.46 Cyclic (a) stress path and (b) stress-strain response of dense sand with initial 

static shear stress - Sample D8. 
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Figure 4.47 Cyclic (a) stress path and (b) stress-strain response of dense sand with initial 

static shear stress - Sample D9. 
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4.2.2.1 Cyclic Resistance (Number of Cycles to Liquefaction) 

Figure 4.48 shows the variation of applied cyclic stress ratio (CSR) level versus 

number of cycles required to liquefaction (NL) derived from DSS tests conducted on dense 

Fraser River sand with an initial static shear stress a = xst / o"'vc =0.1 plotted along with the 

results obtained from DSS tests, on loose sand (from Figure 4.24). The dense samples were 

consolidated to vertical stresses of: a\c = 100 kPa (D r c = 80%) and, the results are compared 

with those obtained from DSS tests without static bias. In contrast to loose sand, dense sand 

shows an increase in cyclic resistance to liquefaction in the present of initial static shear. A 

K a value of 1.3 is obtained for the vertical normal effective stresses of 100 kPa (Drc= 80%). 

This value is slightly higher than the upper bound of the K a values for sands suggested by 

Harder and Boulanger (1997) for a = 0.1 and a ' v c values less than 300 kPa, but for a smaller 

relative density (Dr c) condition of 70%. As mentioned earlier, since Harder and Boulanger 

(1997) relations are understood to be weighted more heavily towards data obtained from 

direct simple shear and torsional simple shear tests, they are compatible with the loading 

mode used in the present study. 

4.3 DRAINED SIMPLE S H E A R RESPONSE O F F R A S E R R I V E R SAND 

4.3.1 Response of Loose Sand (Type (1) Samples) 

Figure 4.49 and 4.50 present the drained cyclic loading response of several samples of 

loose air-pluviated Fraser River sand {Type (1)} samples, consolidated to a ' v c = 100 kPa and 

D r c = 40%, loaded in a strain-controlled manner to different shear strain amplitudes as per 

Series G l and G2 (Table 3.4), respectively. The samples in Series G2 were sheared with a 

larger rate of shear strain (20% strain/hour) than those in Series G l (10% strain/hour). This 
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Figure 4.48 Comparison of cyclic resistance curves for dense and loose sand with and 

without initial static shear stress. 
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Figure 4.49 Cyclic drained simple shear response of loose air-pluviated Fraser River sand 

(Rate of Strain 10% per hour). 
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Figure 4.50 Cyclic drained simple shear response of loose air-pluviated Fraser River sand 

(Rate of Strain 20% per hour). 
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rate change was made in order to reduce the total time required for testing since the samples 

in Series G2 were sheared to a lager number of cycles than those Series G2. As can be seen 

in Figures 4.49(b) and 4.50(b), shear-induced volumetric strain accrues with increasing 

number of cycles and amplitude of shear strain. The shear-induced volumetric strain during 

both loading and unloading phases of the first half cycle increases with increasing shear 

strain amplitude. It is also of interest to note that this volumetric strain during the unloading 

phase is significantly greater for the sample, which had been sheared to a shear strain 

amplitude of 8% compared to those for the samples with 2% and 4%. It was observed that 

the sample that was strained to 8% dilated during the first loading. The effect of dilation 

during the loading phase is to induce a large plastic contraction upon unloading. This is 

consistent with the large reduction in effective stress in undrained tests upon unloading after 

phase transformation has occurred. 

4.3.1.1 Volumetric Strain Vs Number of Cycles 

Figure 4.51(a) presents the variation of shear-induced volumetric strain with number 

of cycles plotted in values corresponding to every half cycle. As may be noted, the 

development of net volumetric strain with number of cycles appears to be independent of the 

time rate of shear strain used for the tests. This is in agreement with the already noted strain 

rate/frequency independent behaviour of sand by Youd (1972). 

It can also be seen that the volumetric strain increases with increasing shear strain 

amplitude (Ymax), but it is not directly proportional to ymax. This is in contrast to the noted 

proportionality of ev to ym ax by Martin et al. (1975) based on data from cyclic shear tests 

conducted using only small amplitudes of cyclic shear strain. As such, the discrepancy 
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between the observations from the present study and those from Martin et al. may be mainly 

due to difference in level of shear strain amplitude. Since the samples in the present study 

have been sheared to larger strain levels, they experienced dilation during the loading phase 

and this, in turn would have contributed to the volumetric strains non-proportional to ymaX. 

In seeking the possibility of a regular pattern for the development of sv with number 

of cycles, the volumetric strain curves in Figure 4.51(a) were normalized with respect to the 

value of volumetric strain corresponding to a certain number of cycles (say after 1 or 2 

cycles). Such normalized results are plotted in Figure 4.51(b). When normalized, the results 

seem to fall on a single curve, indicating that the similarity of the shape of the volumetric 

strain development characteristics for different amplitudes of strain. This suggests that it 

may be possible to predict the shear-induced volumetric strain with number of cycles for any 

Ymax by knowing the relationship between the volumetric strain after first cycle (evi) and ym ax 

Based on the results for Fraser River sand from this study, svi versus ymax is presented in 

Figure 4.52, and this relationship can be expressed using an equation as below 

S v ^ A . y * 2 [4.3] 

where Ai = 0.66 and A2 = 0.65 (for air-pluviated Fraser River sand with a D r = 40%). 

The shear-volume coupling model for sand presented by Byrne (1991) for cyclic 

shear loading has been based on tests conducted with small strain amplitudes. In tests with 
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Figure 4.51 Variation of (a) absolute and (b) normalised volumetric strain with number of 

cycles in drained cyclic simple shear tests. 
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Figure 4.52 Variation of volumetric strain at the end of first cycle ( s v i ) with the amplitude of 

cyclic shear strain (ymax) in drained cyclic simple shear tests. 
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small strain amplitudes, the volumetric strain is proportional to the shear strain as per Martin 

et al. (1975). Since the volumetric strain is not proportional to the shear strain at large strains 

as shown in Figure 4.51, the shear-strain coupling relation proposed by Byrne (1991) cannot 

be extrapolated to large strains. If a fictitious volumetric strain ev* as in Equation [4.4] 

below is introduced, sv* would be proportional to Ymax. 

Now, examination of a plot of (Asv*/y) versus (sv*/y) reveals that all the data would collapse 

to a unique relationship as shown in Figure 4.53. As may be noted in the figure, this 

relationship can be expressed as: 

where Ci = 0.60 and C2 = 0.70 for the air-pluviated Fraser River sand with a D r = 40%, and 

this equation has the same format as the 2-parameter model proposed by Byrne (1991). Now 

the new shear-volume coupling can be obtained from the above-obtained relationships as 

follows: 

6 V * = ( S V . Y ) / S v l [4.4] 

(Asv*/y) = C 1 Exp{-C 2 (6v*/Y)} [4.5] 

FromEq. [4.4] and [4.5]: {A(sv)/Svi} =Ci Exp{-C2((sv)/sv,)} [4.6] 

FromEq. [4.3] and [4.6]: Aev = Ci Ai Y^ Exp{-C2[sv/(A1 ŷ )]} [4.7] 
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Figure 4 . 5 3 Relationship between Aev*/Ymax and ev*/Ymax for air-pluviated Fraser River sand 

with Dr= 40%. 
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Ae v = Ay cExp{-Be v/y c} ' [4.8] 

where A = C . A i , B = C2/A1, and C = A2; for air-pluviated Fraser River sand with D r = 40% 

A= 0.4, B =1.1, and C = 0.65. 

The Equation [4.8] was developed based on data from tests with YmaX

 = 2, 4, and 8%. 

The obtained relationship was verified against the experimental dada obtained for test with 

Ymax= 5%. As can be seen in Figure 4.54 the predicted values are in good agreement with the 

experimental results for y m a x = 5% confirming the suitability of the new shear-volume 

coupling relationship. 

4.3.2 Response of Dense Sand (Type (2) Sample) 

Figure 4.55 presents the drained cyclic loading response of dense Fraser River sand 

{Type (2)} for a test conducted with a cyclic loading amplitude ymax = 4%. The results from 

a loose {Type (1)} sample is also presented in the same figure for comparison. In contrast to 

the loose sample, the dense sample shows significant dilation during loading cycles and 

relatively small cumulative volumetric strains. As can be seen in Figures 4.55(b), the dense 

sample shows progressive increase in cumulative volumetric strain with number of shear 

cycles in a trend similar to loose samples. This observation is also in accord with the 

undrained cyclic shear response of dense sand observed in Section 4.2.1, where the excess 

pore water pressure gradually increased with increasing number of cycles despite the lager 

dilation spikes in the loading cycles. It can also be noted that there is a significantly large 

shear-induced volumetric strain during unloading phases of cyclic loading. 
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Figure 4.54 Comparison of predicted and measured volumetric strain with number of cycles 

for y m a x =5%. 
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4.3.2.1 Volumetric Strain Vs Number of Cycles 

Figure 4.56 (a) presents the variation of shear-induced volumetric strain with number 

of cycles for the dense sand test along with those observed the loose sands. Similar to the 

approach used for loose sands, the volumetric strain for the dense sand test was normalized 

with respect to the volumetric strain that was observed at the end of 1st and 2nd cycles, and 

plotted in Figure 4.56(b). The normalized results for the dense sample is different for those 

developed for the loose samples (see Figure 4.55(b)). This may be due the differences in the 

density as well as the sample fabric. (Note: Type (1) and Type (2) samples are judged to have 

significantly different fabric, even when their densities are same, because of the difference in 

the sample reconstitution as described in Section 3.5.1). 

Similar to the case of loose sand, a relationship between (Asv*/y) and (ev*/y) was 

attempted for the results from dense sand. As shown in Figure 4.57, the normalized curve for 

the dense sample lies above that obtained for the loose sample. The derived value of the 

coefficient Cl is 0.6, which is essentially same as that for both loose sand. However, the 

derived value of the coefficient C2 for the dense sample is 0.54 is smaller than the value of 

0.7 that was derived for loose sand. 

It is, however, noted that the above observations have been made using limited data 

from 4.75 cycles of shear loading on a single specimen of dense sand. As such, detailed 

assessments such as those undertaken to investigate the shear-volume coupling of sand 

(Section 4.3.1.1) is not warranted herein. 
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Number of Cycles 

Figure 4.56 Comparison of the Variation of (a) absolute and (b) normalised volumetric strain 

with number of cycles for loose and dense Fraser River sand in drained cyclic simple shear 

tests. 
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Figure 4.57 Relationship between Aev*/Ymax and ev*/ymax for loose and dense Fraser River 

sand. 
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4.4 EFFECT OF IMPARTED VIBRATIONS DURING SAMPLE PREPARATION 

ON STRESS-STRAIN RESPONSE OF FRASER RIVE SAND 

Figure 4.58 shows stress paths and stress-strain responses of two loose Fraser River 

sand samples with identical initial conditions (Dr = 40%, o"'vc =100 kPa) but reconstituted 

using different approaches, subjected to monotonic constant volume simple shear loading. In 

the first approach, the sample is of Type (1) (see Section 3.5.1.1) that reached the target 

relative density of 40% when consolidated to a vertical stress of 100 kPa. The second sample 

is of Type (3) (see Section 3.5.1.3), and it reached the same target relative density of 40% 

upon consolidation to a 100 kPa vertical stress. Essentially, the samples prepared using the 

two approaches are identical with regard to the method of placement, density, and the 

confining stress, except for the vibration imparted during the preparation of the latter. The 

responses of the two samples under monotonic shear loading are presented in Figure 4.58. 

The sample prepared without vibration showed a limited-liquefaction type of a stress-strain 

response. In contrast, the sample that was subjected to vibration clearly exhibited a dilative, 

strain-hardening response. These observations suggest that particle fabric is influenced not 

only by the mode of deposition, but also by other actions such as external vibrations. A 

greater part of previous studies conducted on re-constituted sands has been based on tests 

conducted on samples prepared using water-pluviation followed by vibration, with the 

implicit assumption that vibration is not a major contributor to the changes in fabric. 

However, the limited results presented herein demonstrate that this assumption may not be 

always valid, and that particle fabric is an important consideration in the re-constitution of 

soil samples. 
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F i g u r e 4 .58 Comparison of (a) stress paths and (b) stress-strain response of air-pluviated 

samples prepared with and without external tapping. 



CHAPTER 5 

SUMMARY AND CONCLUSIONS 

A detailed laboratory element testing research program was undertaken to investigate 

the cyclic undrained shear response of Fraser River sand. The element response of the sand 

was observed in constant-volume direct simple shear (DSS) tests conducted with and without 

initial static shear stress conditions. 

This chapter presents the summary and conclusions drawn from the contents of this 

thesis. Since the information is arising from several key areas of research (as described in 

detail in Chapters 4.1 through 4.5), the infornation below is also presented as separate 

subsections, for maintaining clarity and orderliness. 

5.1 Undrained Cyclic Loading Response of Loose Fraser River sand 

While the trends of stress-strain and effective stress change (or pore water pressure 

development) under cyclic loading are generally similar to those noted previously for loose 

water-pluviated sand, the loose samples of Fraser River sand prepared using air-pluviation 

were identified to be more susceptible to liquefaction than their water-pluviated counterparts. 

Since the comparisons between the responses arising from the two sample re-constitution 

methods were made at the same relative density (void ratio) and confining stress levels, the 
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difference in liquefaction susceptibility can be attributed to differences in the particle 

structure resulting from the two placement methods. This further corroborates the 

importance of incorporating particle structure in the assessment of mechanical response of 

sands including liquefaction susceptibility. 

In the case of loose air-pluviated sands, increase in relative density due to increase in 

confining stress (stress densification) can cause a significant increase in cyclic shear 

resistance. This has broad implications, particularly in the interpretation of observations 

from centrifuge testing. Since stress gradients arising from centrifugal accelerations could 

lead to significant density non-uniformities in sand specimens that initially had uniform 

densities, it is important that the effect of stress densification is duly accounted for in the 

interpretation of centrifuge observations as well as in the laboratory element tests that are 

undertaken to provide input for numerical modelling. The noticeable effect of stress 

densification on the cyclic resistance observed with respect to air-pluviated samples does not 

appear to be present for the case of water-pluviated samples. This contrast can possibly be 

attributed to the difference in the fabric between the air-pluviated and water-pluviated sands. 

The effect of initial static shear stress reduces the cyclic shear resistance of loose air-

pluviated Fraser River sand. While the assessed K« values (~ 0.8), for loose air-pluviated 

sand, are in reasonable agreement with those previously suggested for loose sands based on 

data mainly derived from DSS and torsional simple shear tests, they are not in line with K a > 

1 obtained from triaxial tests for loose water-pluviated sand. The difference in loading mode 

between the triaxial and simple shear loading, as well as the particle fabric effects, may be 

responsible for this discrepancy. 
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The significance of the above findings from the viewpoints of understanding 

earthquake-induced performance of sands is several-fold. In particular, the results indicate 

the need to consider the effect of particle fabric, in addition to the commonly considered 

parameters such as density (void ratio) and stress level, in adequately characterizing the 

mechanical response of sands. They confirm the need to use data from laboratory element 

tests on samples that are re-constituted using the same techniques as those used for preparing 

centrifuge specimens, if the numerical models are to be validated in a meaningful manner. 

5.2 Undrained Multiple Cyclic Loading Response of Loose Fraser River sand 

Undrained cyclic shear tests conducted on samples that had been previously subjected 

to cyclic loading indicated that the response of sand depends on the degree of excess pore 

water pressure (or maximum shear strain) that was reached during previous cyclic loading, as 

well as the densification that occurred during re-consolidation after previous cyclic loading. 

The following were noted in particular: 

• Cyclic shearing that did not impart significant excess pore water pressure or shear strains 

increases the resistance of sand against liquefaction in future cyclic loadings; 

• Relatively large levels of excess pore water pressure or shear strains during cyclic loading 

weaken the soil fabric and, in turn, decrease the resistance of sand against liquefaction in 

future cyclic loadings. 

• However, the reduction in the cyclic resistance of a given sand to liquefaction due to 

large cyclic pre-shearing may be overridden by the increase in relative density that take 

place during the reconsolidation process. 
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5.3 Undrained Cyclic Loading Response of Dense Fraser River sand 

In the case of dense sands (Drc= 80%), increase in relative density due to increase in 

confining stress (stress densification) is very small. Therefore, in contrast to the observations 

made for loose air-pluviated sands, the effect of stress consolidation on the cyclic shear 

resistance is essentially absent in the case of dense samples. 

It is observed that dense sand shows an increase in cyclic resistance to liquefaction in 

the present of initial static shear. A Ka value of 1.3 is obtained for the vertical normal 

effective stresses of 100 kPa (Drc= 80%). This is a significant departure from the 

observations on loose sand where the effect of initial static shear stress reduced the cyclic 

shear resistance. 

The dense sand exhibited significant excess pore water pressure generation during the 

unloading phase (plastic unloading) of a given cycle of loading in comparison to the 

counterpart loading phase, even during the initial loading cycle. This is in significant 

contrast to the response of loose sand, where the initial unloading cycles are almost elastic 

(i.e. very small pore water pressure generation during unloading phase of a cycle) 

5.4 Drained cyclic Loading Response of Fraser River Sand 

Drained cyclic shear tests conducted on air-pluviated samples of Fraser River sand 

indicated the following: 

• The development of net volumetric strain with increasing number of cycles was noted to 

be independent of the time rate of shear strain; 

• The shear-induced volumetric strain increases with increasing shear strain amplitude and 

number of cycles. The proportionality of shear-induced volumetric strain to the cyclic 
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shear-strain amplitude, observed by other researchers based on drained cyclic shear tests 

with small shear strain amplitudes, is not applicable when the material is subjected to 

relatively large amplitudes of cyclic strain. 

• The 2-parameter shear-volume coupling model (equation) proposed by Byrne (1991), 

based on the noted proportionality of the shear-induced volumetric strain to shear strain, 

was modified so that it could be extended to the larger strain response. The modified 

shear-volume coupling relation for large strains is of the form: 

A s v = A y c E x p { - B s v / y C } 

The validity of the above equation for large strains was demonstrated for loose air 

pluviated sand by initially calibrating the equation using data from several tests, and then 

predicting the response for a test that was not included in the calibration. 

5.5 Development of Specimen Preparation Methods 

In addition to investigating the fundamental characteristic response, the research work 

was targeted towards developing critically needed element testing data as input to numerical 

modelling of centrifuge physical models. The research undertaken resulted in developing a 

simple air-pluviation method to reconstitute laboratory sand samples replicating the soil 

fabric anticipated in centrifuge soil models. The characteristic variation of as-placed density 

of air-pluviated Fraser River sand with respect to the rate of flow, and height of deposition, 

was established to provide directions for sample preparation. It was also demonstrated that 
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the new method would lead to samples having relatively uniform density that are suitable for 

element testing. 

Limited monotonic loading tests indicated that the imparted vibrations during sample 

preparation could significantly influence in the shear response of a given sand. Essentially, 

the pluviated samples that were prepared without any vibrations exhibited a weaker response 

than those prepared with vibration. 
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